Remarks 

The Hxamincr has taken the position that the response tiled April 2, 2003 was not fully 
responsi\ e to the Office Action mailed October 2. 2002. In particular the Examiner states that: 

*■[...] not all of the rejections of record were responded to, the double patenting 
rejection, for example. The applicant indicated that cancellation of all pending claims 
and filing new claims renders moot the outstanding objections and rejections. This is not 
correct because the new claims are drawn to the same or essentiall\ the same subject 
matter that was rejected under \arious grounds in the prior Office Action and thus the 
new claims are subject to the same rejections as set forth in the prior Office Action. 
According!}, for the instant repl\ to be fulK responsive, all rejections and objections of 
the prior Office Action must be responded to for the reply to be fully responsive." 

Double patentiniz rejection: 

Applicant acknowledges that the double patenting rejection was not addressed in the 
response filed April 2, 2003 and apologizes for this oversight. Claims 40, 45, 50, 57-59, 61, 63, 
66. 68-70, 72-78. 80, 83-91 and 93-98 were rejected under the judicially created doctrine of 
ob\ iousness-type double patenting as being unpatentable over the claims of U.S. Patent No. 
6.326.166 (the "166 patent). The '166 patent is commonly owned with the present application, 
and a Terminal Disclaimer obviating this rejection is enclosed herewith. 

Response to claim objections and rejections as applied to new claims 99-1 19: 

Applicant respectfully disagrees with the examiner's characterization of the response that 
was filed April 2, 2003. In particular. Applicant notes that the response included an extensive 
response to various claim objections and rejections as they would apply to the newly added 
claims (see pages 5-8). Applicant even explicitly stated: 

"The cancellation of all previousl\ -pending claims renders moot the outstanding 
objections and rejections in this case. Nonetheless, Applicant has evaluated all of the 
arguments and art presented by the Examiner, and offers the following remarks 
e\ idencing the patentability of the present claims in light of these arguments and art." 
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More specifically, ihc rejections under 35 U.S.C. § 102 over Barbas et al. and Desjarlais 
el al. (see pages 4-6 of Office Action) were discussed on pages 5-6 of the response. The 
rejection under 35 U.S.C. § 103 over Ladner el al. in view of Park et al.. Mitchell et al., Harrison 
and Schull/ (see pages 15-21 of Office Action) was discussed on pages 6-8. Applicant 
acknowledges that the rejections under 35 U.S.C. § 103 ox er Park et al. in view of Mitchell et al.. 
Harrison and Schultz (w ith or w ithout Gossen et al., see pages 7-15 and 21-24 of Office Action) 
were not addressed in the response. These are therefore addressed in the following. 

Rejections under 35 U.S.C. ^103 o\'er Park et al. in \ iew of Mitchell et al., Harrison and Schultz: 

Claims 40-70, 72, 89-92, 94-95 and 97 were rejected under 35 U.S.C. §103 as being 
unpatentable o\ er Park et al. (Proc. Natl. Acad Sci. USA 89:9094, 1992) in view of Mitchell et 
al. {Science 245:371. 1989), Harrison {Xalure 353:715. 1991) and Schultz {Nature 240:426, 
1988). Claims 40-70. 72. 89-92, 94-95 and 97 have been canceled. The cancelled claims have 
been replaced with new claims 99-1 19. Applicant respectfully traverses this rejection as applied 
to new claims 99-1 19. 

New claims 99-1 19 are directed to a nucleic acid encoding a chimeric transcription factor 
(or a transcriptional regulatory protein) that has a chimeric nucleic acid binding domain and a 
transcriptional regulatory domain. The chimeric nucleic acid binding domain includes at least 
two nucleic acid binding motifs, at least one of which is a zinc finger, and the transcriptional 
regulatory protein has a different binding specificity than does a protein having only one of the 
motifs. 

As acknowledged by the Examiner, none of the cited references teaches a nucleic acid 
that falls within the scope of claims 99-1 19. Thus, in order for the cited references to be properly 
relied upon in an obx iousness rejection, they must include a suggestion or motivation to prepare 
the claimed nucleic acids: a reasonable expectation of success that the claimed nucleic acids will 
be made b> those pursuing the suggestion or motivation; and a teaching or suggestion of every 
limitation of the claimed nucleic acids. Applicant respectfully submits that the cited references, 
taken alone or together w ith one another and/or w ith the general know ledge in the art at the time 
the present application was filed, fail to provide neither sufficient motivation for preparing the 
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claimed nucleic acids nor the requisite reasonable expectation of success. 

Park et aL is relied upon as a primary reference. In particular, the Examiner cites Park et 
al. as teaching that at the time of the claimed invention it was "[...] within the ordinary skill in 
the art to stitch the DNA binding domains together from any proteins that recognize a specific 
ON A sequence by binding along the major groo\'e, to recognize a composite binding site 
(Office Action, page 9). With regard to the use of DNA binding domains from different families 
and specific types of domains such as zinc-finger domains, the Examiner cites Park et al. as 
teaching that *"[...] any combination of domains can be used, which would include heterologous 
ones [...]" (Office Action, page 1 1 ). Applicant respectfully submits that these characterizations 
dramalicalh o\ erstate the teachings of Park et al. 

Park et al. chemically synthesized a short peptide (31 amino acids) that corresponds to 
the basic region of v-Jun. The basic region of v-Jun was selected from within 14 leucine-zipper 
proteins, other DNA binding domains were not even considered in the selection process. A 
cysteine-containing tag w as then introduced at the end of the peptide and two copies of the 
tagged peptide were covalently attached by chemical cross-linking. Thus, Park et al. showed that 
a single basic region from a single DNA-binding protein could be chemically synthesized and 
cross-linked to itself. The cross-linked entity bound DNA. Park et al. did not demonstrate the 
use of any nucleic acid-binding domain other than the particular basic region employed, and 
certainly did not demonstrate the "stitching"' of heterologous binding domains nor the use of 
/inc-finger domains. If anything Park et al. teaches away from the use of zinc-finger domains by 
specifying the exclusion of DNA binding domains that include cysteine residues. 

Furthermore, in order to place the teachings of Park et al. in their proper context one must 
note that two years before Park et al. published their work. Peter Kim and co-workers at MIT had 
alread) demonstrated the same methodology using the basic region from GCN4, a related leucine 
zipper protein that also homodimerizes and binds the exact same site as v-Jun (Talanian et al.. 
Science 249:769. 1990, a copy of which is attached as Exhibit A). Park et al. acknowledge this 
and characterize their own work as "build[ing] upon the results of Kim and co-workers,"' Park et 
al. extended the work of Kim by selecting a different example of the same class of DNA binding 
proteins. Park et al. considered Kim's work to be limited to leucine zipper proteins. Other 
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researchers, reading Kim's work, came lo the same conclusion (see. for example. Deng et al.. 
Proc Sail. Acad. Sci. I SA 89:8572. 1992. a copy of which is attached as Exhibit B). One of 
ordinarx skill in the art would consider Park et al/s work to be similarly limited. 

Applicant also notes thai Park et al. does not demonstrate the construction of a protein, as 
l^ark et al. goes to some effort to chemically cross-link two peptides (as did Kim and co- 
workers), rather than to synthesize them together as a single polypeptide. Nor, obviously, does 
Park et ah describe a nucleic acid encoding a protein. The Examiner has asserted that the 
teachings of Park et al. are not limited to cross-linked peptides by pointing to a sentence that 
reads "use of the Gly-Gly-Cys linker is not essential in the design. We could just as well replace 
the cysteine and make a continuous 70 amino acid protein that should recognize a predictable 
site" (column 2. page 9095). Applicant respectfully points out that such statements cannot be 
considered in isolation but must be interpreted in their proper context, namely in light of all of 
the teachings in the prior art at the lime of the invention. First, Applicant notes that Park et al. 
did not in fact make such a protein, or demonstrate its ability to bind to DNA. A mere statement 
that something could possibly be done does not provide a reasonable expectation that it can be. 
Furthermore. Applicant notes that contemporaneously with Park et al., other researchers 
undertook just such a study (Deng et al., Proc. Natl. Acad Sci. USA 89:8572, 1992, Exhibit B). 
These researchers produced recombinant proteins comprised of the basic region of c-Jun (a 
leucine zipper protein that homodimerizes and also forms a heterodimer with v-Jun), a short 
peptide loop, and a minimally-modified version of the basic region of c-Jun. Five of the six 
recombinant proteins that they made did not bind to DNA, and the only one that did bind did so 
w ith one-tenth the efficiency of a wild type c-Jun homodimer; five others did not bind (Figure 1, 
page 8573). Thus, one of ordinary skill in the art, considering Park et al. in the context of other 
ax ailable references, including Deng et al., would conclude that preparation of a nucleic acid that 
encodes a protein is undesirable, and chemical cross-linking of domains is preferred. Consistent 
with this, we note that in three subsequent papers published over the next four years. Park et al. 
continued to use the chemical cross-linking approach (Park et al., Proc. Natl. Acad. Sci. USA 
90:4892. 1993: Park et al., ./. Am Chem. Soc. 1 17:6287, 1995: and Park et al., J. Ant Chem. Soc. 
1 18:4235. 1996. copies of which are attached as Exhibit C, D and E, respectively). 
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None of the secondary references remedy the deficiencies of Park et al. In fact, both 
Mitchell et al. and Harrison focus strongly on the differences that exist between and among 
classes of DN A-binding domains. These references teach away from the idea that elements of 
different DNA-binding domains could be combined with one another and/or that zinc-fmger 
domains will behave in the same wa\ as basic regions from leucine-zipper proteins. Shultz et al. 
has no teaching or suggestion of chimeric nucleic acid-binding domains at all. Withdrawal of the 
rejection is therefore respectfully requested. 

Rejections under 35 L .S.C. ^103 over Gossen et al. in view of Park et al., Mitchell et al., 
Harrison and Schultz: 

Claims 40-70 and 72-98 were rejected under 35 U.S.C. §103 as being unpatentable over 
Gossen et al. (U.S. Patent No. 5,464,758) in view of Park et al. {Proc. Natl Acad. ScL USA 
89:9094. 1992). Mitchell et al. {Science 245:371, 1989), Harrison (Nature 353:715, 1991) and 
Schultz {Nature 240:426, 1988). 

Claims 40-70 and 72-98 have been canceled. The cancelled claims have been replaced 
w ith new claims 99-1 19. Applicant respectfully traverses this rejection as applied to new claims 
99-1 19. 

Applicant respectfully submits that as set forth above. Park et ah, Mitchell et al., Harrison 
and Schultz do not render obvious the claimed nucleic acids. Thus, even if, as contended by the 
lixaminer. Gossen et al. does teach that "it is within the skill in the art to make a nucleic acid 
vector that encodes a chimeric transactivator fusion protein [...], make a nucleic acid encoding a 
heterologous protein operably linked to a regulator binding site that the chimeric protein binds 
to. place the nucleic acid in a eukaryotic cell, [...]" the cited references fail to provide motivation 
to combine the references and to provide the required reasonable expectation of success, 

f urthermore, the entire goal of Gossen et al. is to provide tetracycline-responsive 
transcriptional regulators. Thus, any combination of Gossen et al. with another reference can 
only result in a teaching of a protein containing a tetR DNA binding domain, as it is this DNA 
binding domain that confers tetracycline-responsiveness. The tetR DNA binding domain is a 
helix-turn-helix domain. Applicant therefore submits that, even if there were some motivation to 
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make ihc combination of references suueesied b\ the Examiner, the combination would only 
teach a protein containing two helix-turn-helix domains, at least one of which is the tetR domain: 
the combination would not leach or suggest the claimed invention. 

C\>nclusion: 

In light of the response filed April 2, 2003 (incorporated herein by reference), the 
tbregoing Remarks and the Terminal Disclaimer filed herewith. Applicant respectfully submits 
that the present case is in condition for allowance. A Notice to that effect is respectfully 
requested. Applicant would like to take this opportunity to thank the Examiner for his careful 
consideration of this case. If it is believed that a telephone conversation would help expedite 
prosecution of this case, or if any further information is required, the Examiner is invited to 
contact the undersigned at (617) 248-4793. Additionally, please charge any fees that may be 
required, or credit any overpayment, to our Deposit Account No. 03-1721. 

Respectfully submitted. 



Charles Lyon, Ph.D. 
Agent for Applicant 

Limited Recognition Under 37 CFR § 10.9(b) 



CHOATE, HALL & STEWART 
Exchange Place 
53 State Street 
Boston. MA 02109 
(617) 248-5000 

Dated: August L 2003 
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Fig. 2. Gc: mobiijn- shift 
a55ay5 (2^; ^dicate tiiac 
DNA binding by GCN4- 
b^!^^ but nor' GCN4- 
bZIPi, Ls scr.siuvc ro 
DTT Lane 1, no pep- 
nde; .anc 2, GCN4-bri", 



Sequence-Specific DNA Binding by a Short 
Peptide Dimer 



0 mM DTT; lane 4 
GCN4-bZI?i; and ianc 
5. GCN4-bZIPl with iO 




mM DTT. 



Robert V. Tai^nxan, C. James McKnight, Peter S. Kim 



A recently described class of DNA binding proteins is characrcrized bv die "bZIP" 
moDf which consists of a basic region that contacts DNA and an adjacent "leucine 
zipper" diat mediates protein dimerizadon, A peptide model for the basic region of the 
yeast transcriptional activator GCN4 has been developed in which the leudne zipper 
has been replaced by a disulfide bond. The 34-residue peptide dimer, but not die 
reduced monomer, binds DNA with nanomolar affinity at 4''C. DNA binding is 
sequence-specific as judged by deoxyribonuclease I footprinting. Circular dichr^sm 
^ctroscopy suggests that the peptide adopts a helical structure when bound to DNA 
These results demonstrate directly that the GCN4 basic region is sufficient for 
sequencc-specific DNA binding and suggest that a major function of the GCN4 
leuone ^.pper is simply to mediate protein dimerization. Our approach provides a 
strategy for the design of short sequence-specific DNA binding peptides 



TH£ TRANSCRiPTrON.AL ACTrVATOR 
GCN4 (7;, which is responsible for 
the general control of ammo acid 
biosynthesis in yeast (2), binds DNA 
±irough a stmcruraJ mocif common to sever- 
al proteins (i), including the nuclear onco- 
gene products Fo5 and Jun. This "bZIP" (4) 
motif consists of a region widi sevcraJ basic 
residues chat probably contacts DNA dirca- 
ly and an adjacent region of about 30 resi- 
dues containing a heptad repeat of leucines, 
chc "leucine zipper^ fj), chat mediates di- 
oenzanon. Such bZIP dimcrs bind DNA 
sites that arc approximatelv djad-svmmetric 
(3). 

Srrjcrural studies of a synthetic peptide 
corresponding :o ahe leucine zipper region 
GCN4 indicate diat the pcpade dimcnzcs 
^ a paniicl coiJcd coii (6, T). The leucine 
zipper regions arc necessary for dimcnzation 
of GCN4 (S~W) and other bZIP protcms 
( J2) and for hercrodimcr fonmanon bv 
che Fos and Jun proteins /3_J5). More- 
over, synthetic leucine zipper peptides arc 
sufiicicnt for specific homodimcr and 
hercrodimcr (16) formation. 

The basic region of bZIP proteins is 
^n^porranr for DNA binding. Several bZIP 
pro:c:ns mutations in !±ic basic region 
•2:i ro bind DNA sequcnce-spccificailv ai- 



AJignmcnc of sequences from different bZIP 
proteins shows diat conserved residues in 
chc basic region and the leuanc zipper arc 
separated by an invariant number of residues 
l^^, .'(?). This separation appears crucial since 
mscrrion or deletion of a few ammo acid 
residues at the boundarv between the nvo 
regions can eiimmarc specific DNA binding 
activity- iU, 19, 20). Nevertheless, die two 
regions appear capable of nmctioning au- 
tonomously, smcc chimenc bZIP domains 
(combining the basic region of one protein 
wiDh chc leucine zipper of anodier) often 
retain specific DNA binding activity (10 ^0 
21). 

We asked whether the basic region alone, 
djmerizcd with a disulfide in place of the 
leucine zipper, retains sequence-specific 
DNA bmding acQvlr^^ A pepndc (GCN4- 
brl), corresponding to residues 222 to 252 
of GCN4 (22), was synchcsizcd {23) widi a 
Gly-GIy-Cys linker (6) added at ±c carbo.vvi 
cerminus ; Fig. 1). The glycines were includ- 
ed CO provide a flexible linker in chc disul- 



fidc-bondcd dimcr, referred to as GCN4i^: 
brPV The peptide was made as the carboxyS 
terminal amide to avoid introduction^ 
additional charge. A second pcptid^ 
(GCN4-bZIPl), corresponding ro the en-' 
circ bZIP region of GCN4 (residues 222^ 
281), was also synthesized (Fig. l). Thx^6Q^ 
residue pepndc is capable of dimerizatioir 
and sequence-specific DNA binding (5). 

Gel mobility shift assays (24) indicare" 
(Flg. 2) diar bodi GCN4-brl" and GCN4-' 
bZIPl bmd a 20-bp oligonucleotide," 
GRE20 (24), which contains the GCN4. 
recognition element (GR£) S'-ATGACT-V 
C^T-S' (25). As measured by. titratioirjpf, 
chc gel shift, GCN4-brl" 'binds GRE20 ' 
widi a dissociation constant of -10 nM at 
4°C. Reduction of the disulfide bond ih 
GCN4-bri" by addition of 10 mM ditiiio- 
chrcitol (DTT) decreases substantially the 
amount of mobility-shifted DNA,. whereas-, 
DNA binding by GCN4:bZIpTif linafteqy? 
cd by this treatment (Fig. 2). . " ■ 

The DNA binding specificities of GCN4^' 
brl" and GCN4-bZIPl were tested by iisiii^H 
dcoxynbonuclcasc (DNase) I footprirmSp 
(26). At 4°C both peptides show sequence- " 
specific protection of die GRE site from 
DNase I digcsnon (Fig. 3). However, when 
DNase I digestion was carried out at 24°C, 
GCN4-brl" failed to bind spedficaliy, al- 
though GCN4-bZIPl gave^an ideoW, 
footprint to chat obtained at 4°C. ^ 
The DNA bmding specificity of GCN4- 
brl" suggests chat the peptide is a valid 
model for the DNA binding activity of 
GCN4. The binding activity of the peptide 
dimcr dcmonsn-atcs directly char die basic 
region of GCN4 (and presumably other 
bZIP proteins) contains sufficient informa- ' 
tion for sequence-specific DNA binding. 
The successful substitution of the leucine ' 
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GCN4-bZ]P1: 



GCN4-br1 : 



Basic region 
PESSDPAALKRARNTEAARRSRARKLGRMKQ 

PESSDPAALKRARNTEAARRSRARKLQgMKQ 



Leucine zipper 
UDKVEEiLSKNYHiENEVARLKICLVGER 

GGC-NH, r 
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zjpper ^^ith a Hcxiblc disulfide linker, and 
die dependence of DNA binding on the 
presence of die disulfide bond, suggest diat 
±ie pnman' function of the leucine ripper is 
dimcrizauon. However, DNA binding bv 
GCN4-bri", ba: not GCN4-bZIPl, is tem- 
perature dependent bcr^xcn 4** and 24°C. 
TTicse obscrv'arions suggest an addidonal 
role for the leucine zipper [for example, 
oncntaaon of the DNA binding regions; see 
[14^ 19, 20)] diat \s not modeled by the 
flexible disulfide linker. 

Srrucrural studies can be simplified bv 
using pepndc models for protein motifs. 
Accordingly, we have used circuJar dichro- 
ism (CD) spectroscopy to examine the sec- 
ondary- structure of GCN4-brI" in the pres- 
ence and absence of GRE20. The CD spec- 
rrom of the peptide (Fig. 4A) suggests chat 
it shows partial a-helix formation in the 
absence of DNA (27). The intensity of the 
CD signal of GCN4-brI" at 222' nm (a 
helical band) increases substantially upon 
addition of an equimolar amount of GR£20 
(Fig. 4B). The small change m the region of 
die spectrum dominated by signals from the 
oligORucleoride (245 to 310 nm) suggests 
chat the much larger changes observed be- 
low 245 nm result pnmarilv from changes in 
peptide rather than oligonucleotide struc- 
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Fig, 3. The DNasc I 
foorprmt of Lnc GCN4 
bindine sire bv GCN4- 
brr* a^id GCN4-b2I?l 
arc idcncicaj [26). Lanes 
1 CO 4, DNA labeled 
v^'idi """P-phospharc at 
the 5 end of the 0 
strand; lares 5 to 8, label 
on the 0 strand; ;anc5 1, 
4, 5, and 8, DNase I 
control (no peptides pre- 
sent); lanes 2 and 6, 
GCN4-brl"; and lanes 3 
a.nd 7, GCN4-bZiri, 
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Fig. 4. CD difference specrroscopv indicates chat 
GCN4-br[" is helical when bound to DNA (32). 
(A) GCN4-brl" alone. (B) GR£20 aionc (□) and 
GCN4-brl^^ with GRJE20 (A). (C) Spectrum of 
GCN4-bri" bound to GILE:20 caJculaced as the 
difference between the two spectra in (B). 



rure. The difference spectrum (Fig. 4C) 
indicates that the peptide is highly a helical 
when bound to DNA (28). These results arc 
consistent with both &ic "'sci%sors grip" (4) 
and "induced helical fork" (29) models, 
which postulate that the basic regions of 
bZIP proteins bind DNA in an a-hclical 
conformation. 

Although GCN4-brl" is a remarkably 
short DNA binding peptide, it seems likely 
that even shorter peptides with sequence- 
specific DNA binding activity can be made. 
For example, several of the amuio- terminal 
residues in the basic region used here have 
been found recently to be dispensable for 
DNA binding [19, 30). In addition, the use 
of a Gly-Gly-Cys {6) or other linker [sec, for 
example, {31)] could lead to peptide models 
for other DNA binding moufs. Peptide 
models like GCN4-bri" hold promise for 
structural studies of sequence-specific pro- 
tein- DNA inreracnons and for the design of 
sh©rt, sequence-specific DNA binding pep- 
ndcs. 
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merasc chiin rcacnon [PGR) ampUiiciaon of 
pUC9-Sc4251 [3J: wich s;/ncncoc S'-^'ip-iabdcd or 
unlabeled 17- residue pnmcn defining a 231 -bp 
PGR pToducT w!ch the GR£ centered. Nacicisc 
digcsDon (90 s at 4°G) * as im Dated bv iddinon of 
0.2 p.g DNiAc I (Sigma; and CaCK to 2.5 mM and 
was quenched ov addition of 200 fi) of 1% SDS, 
200 fnM NaCl, 20 mM EDT.\, and yeast cransfcr 
PwN'A :25 M^'.TL) * Sigma). Samples were puriJied bv 
phcnoi-chlorofcrm cxtracnon and cthanol prcnpia- 
don and were run on a 6% sequencing {7.7 M urea) 
polvacrviamidc gel. 

27 a-Hciiccs can be inferred from CD spectra obciined 
in aqueous soluuon with much higher confidence 
Lhan for other secondary strucrures, although stnctlv 
spcaJung wc cannor distinguish between a"^ and S^q- 
nciiccs; sec R. W. Woody, m The Prpttdrs. S. 
Undcnfncnd, J, Mc:cnhofcr, J. R. Hrubv, Eds. 
: Academic Press, Neu- York, 1985), vol. 7, pp. 15- 
1 14; Y.-H- Chen, J. T. Yang, K. H. Chau, BiWiemu- 
ny 13, 3350 (J974). 
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nance smdies (L. P. Mcintosh, T. G. Oas. P. S. Kim. 
unpublished results) indicate char Lhc leucine zipper 
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than the isolated leucine zipper {6. 7). 
29 K, T O'NciL R. H. Hocss. W. F. DcGrado, Samcf 
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Evidence of Changes in Protease Sensitivity and 
Subunit Exchange Rate on DNA Binding by C/EBP 



Jon D. ShuxMan, Charles R. Vinson, Steven L. McKnight 



The transcripdon factor C/EBP uses a bipartite structural motif to bind DNA- Two 
protein chains dimerizc through a set of amphipathic a helices termed the leucine 
zipper. Highly basic polypeptide regions emerge from the zipper to form a linked set of 
DNA contact surfaces. In the recently proposed a "scissors grip" model, die paired set 
of basic regions begin DNA contact at a central point and track in opposite directions 
along the major'groove, forming a molecular clamp around DNA, This model predicts 
that CEBP must undertake significant changes in protein conformation as it binds 
and releases DNA. The basic region of ligand-frec C/EBP is highly sensitive to protease 
digestion. Pronounced resistance to proteolysis occurred when OEBP associated with 
its specific DNA substrate. Sequencing of discrete proteolytic fragments showed that 
prominent sites for proteolysis occur at two junction points predicted by the "^scissors 
grip" model. One junction corresponds to the cleft where the basic regions emerge 
from the leucine zipper. The other corresponds to a localized nonheiical segment that 
has been hypothesized to contain an N-cap and facilitate die sharp angulation 
nccessaiy for the basic region to track continuously in the major groove of DNA. 



THE TRAMSCRIPTION FACTOR O'EBP 
rcETjIarcs gcrnc expression in a varict}' 
of nssues, jncluding lix'cr, adipose, 
ung, and intcstmc. The protein binds DNA 
:hroueh a bipartite srpjcruraJ morif consist- 
ing ot a dimcr- forming region immediareiv 
:>recedcd bv a poh-pcpr:dc region rich in 
^asic^imino acid.s. Leucine residues occur in 
J hcptad arrav along the dimcr interface. 
■Viacipating riiat the leucine residues would 



^'^^■^■^ Haghcs Research Ls bora rones. DcpoTLTicnt ot" 
^nic;n-olog\-. Cx-ncgie Insnrurion of Waihzncron Bai'j- 
T-onc, MD 21210. 

AUGUST :99c 



provide atrracnvc, mtersubunit interactions, 
we termed the dimcr- forming region the 
leucine zipper (/). BiophvsicaJ studies have 
documented ch.c a-hciical nature of the leu- 
cine zipper and have shown that helices 
inrem\'inc around one another in a parallel 
onentadon [2). Considerable evidence has 
conHrmed the role of the leucine zjppcr in 
dimerizanon of both idcnncaJ and nomdcn- 
ricaJ protein subunits (i). 

A variety of observations on transcripdon 
raaors of this class have indicated that direct 
contact with DNA is mediated by the basic 
region. For example, a chimcnc protein 



contammg chc basic region of CEBP liricdj 
to the Icucme zipper of GCN4 binds DJ^^ 
with the spccifidri' of O'EBP (4). ^'""^ 

Proteins that use the contiguous basic 
rcgion-icucmc zipper arrangement (bZTP 
proteins) exhibit an invariant, six-amino 
acid spacmg between the rv^'o coragoncnD^ 
Noting this fixed spatial register, as^wcllai^-^ 
an absence of Pro and Giy residues, Vinson *: 
and colleagues (5) prediacd that die basic i 
region, like the zipper, would adopt an a-1 
helical conformation. DNA- bound protein 
was hypothesized to form a Y-shapcd mole- ^ 
cule, the stem and arms corresponding, re- ^ 
spcctivcly, to paired zippers and bifiircating 
basic regions. This arrangement allowed the " 
two basic regions to penetrate the major 
groove of DNA from a common point (thc::^? 
cleft of the Y), then track in opposite direc- 
tions along each half of a dyad- symmetric 
binding site. Finally, this modeling prcdia- . 
ed that a-hclical structure would be locally 
disrupted within the basic region, facilitat- 
ing a sharp bend necessary to allow continu- 
ous cracking of each basic region around the 
DNA on the side opposite to initial entry. 

This model for bZIP proteins has been"" 
compared to the "scissors grip" hold that a 
wrcsdcr uses to grasp the torso of an oppo- 
nent. By wrapping around the DNA mole- 
cule on chc side opposite of initial entry, chc 
two subunits of a bZIP protein form a 
molecular clamp.- If correct^ this modef- dc4^ 
mands that the protein undertake significant 
conformational changes as it binds and re--, 
leases DNA. It further predicts that subunit : 
exchange, which occurs rapidly in the ab- 
sence of DNA, should be slowed dramatical- 
ly upon DNA binding. 

We examined the susceptibility of C/EBP 
to trypsin cleavage in the presence and ab- 
sence of its DNA substrate. Trypsin, which 
cleaves the peptide bond carboxyl terminal 
to Axg and L}^ residues, is a sensitive probe 
of the folded state {6), Moreover, C/EBP 
contains eight porcnriaJ sites for trypsin 
cleavage in its basic region, six in its leucme 
zipper, and two in the short segment that 
links the basic region to the zipper (Fie. 
lA). 

Purified C/EBP (7) was exposed for I- 
rrun intervals to varv'ing amounts of trypsin. 
Digestion products were separated by elec- 
trophoresis on an SDS-polyacr)'lamide gel, 
transferred to nitrocellulose, and detected by 
immunoblotting with an antibodv (a-C) 
specific to the carboxyl terminus of OEBP 
[S). This strategy (9) provided a fixed label- 
ing site on CEBP, thus allowing a reason- 
ably accurate identification of the sites of 
trypsin cleavage. 

The parrcms of trypsin cleavage of CEBP 
aione, or of protein samples that had been 
mbccd widi either nonspecific or specific 
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Construction and expression of a monomeric c-Jun protein that 
binds and activates transcription of AP-1 -responsive genes 

(DNA-bioding protein /tnmsactivatioii) 

TiwiANG Deng and Michael Karin 

De^mcnt of Phannacology . Center for Molecular Gcnet.cs. U.ver.ity of Caltforr.., San D.ego, School of Medicine. 0636 . 9500 Gilman Dnve, 
^ Jolla, CA 92093 

Communicated by Mark Ptashne, April 24, 1992 

ABSTRACT c-Jun is a typical member of the bZIP (basic 
zipper) family of dimeric transcriptional activators. These 
proUins contain a basic region responsible for DNA sequence 
recognition and a leucine zipper that mediates dimerization. 
bZIP proteins regulate a large number of important physio- 
logical functions and, therefore, present an interesting target 
for molecular interference and mhnicry. As a step toward the 
development of peptide and nonpeptide analogs of such pro- 
teins, we constructed a derivative of (^Jun that binds DNA as 
a monomer. This construction was done by connecting a second 
basic region to the natural basic region of c-Jun by means of a 
short peptide loop. Although the polypeptide backbone of the 
second basic region has an inverted polarity relative to that of 
the natural basic region, the monomeric c-Jun protein binds 
DNA with reasonably high affinity and indistinguishable spec- 
ificity from the wild-type, dimeric c-Jun protein. Furthermore, 
the monomeric c-Jun protein can activate transcription in vivo. 
These findings indicate that the polypeptide backbone of the 
basic region contributes little to sequence recognition and that 
the leucine zipper is not directly involved in transcriptional 
activation. 

Many sequence-specific transcription factors, both prokary- 
otic and eukaryotic, interact with DNA as preformed dimers 
(1-8). Two large families of dimeric eukaryotic transcnption 
factors were recently identified: the bZIP (for basic zipper) 
and the HLH (helix-loop-helix) proteins (3-5, 7, 8). These 
proteins are involved in a variety of physiological functions, 
including the control of cell proliferation and differentiation 
and in mediating the actions of polypeptide hormones, cyto- 
kines, and growth factors. The DNA-binding domains of both 
families are constructed of a basic region rich in positively 
charged amino acids, which interacts direcUy with the DNA, 
and an adjacent dimerization motif. The bZIP dimerization 
motif is an amphipathic a-helix containing several heptad 
repeats of leucine residues, responsible for formation of a 
parallel coiled-coil known as the leucine zipper (3, 9, 10). In 
both cases, the dimerization domains mediate not only ho- 
motypic interactions but also heterotypic interactions that 
expand the regulatory potential of these proteins. For exam- 
ple a c-Jun-c-Fos heterodimer is more stable than a c-Jun 
homodimer and, therefore, has higher DNA-binding activity 
and is a more efficient transcriptional activator (11-17). 
Heterodimerization of MyoD or myogenin with E12 and E47 
increases their affinity to the E box sequence of muscle- 
specific promoters (5,7,8). 

The localization of dimerization and DNA-bindmg func- 
tions of bZIP and helix-loop-helix proteins to relatively small 
and well-defined sequence motifs has raised the possibility of 
synthesizing analogs of these proteins that could interfere 
with either their dimerization or DNA-binding activities. 
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Indeed, several groups have described that short synthetic 
peptides corresponding in sequence to the basic regions and 
leucine zippers of certain bZIP proteins can bind DNA in vitro 
(18, 19). We are interested in preparing analogs of c-Jun that 
are' functional in vivo and could be prototypes for designing 
totally synthetic analogs; these synthetic analogs could even- 
tually be used as competitive inhibitors of DNA binding. We 
also wanted to determine whether the leucine zipper of c-Jun 
is required for any other activity besides dimerization. By 
constructing a c-Jun protein that binds DNA as a monomer, we 
show that dimerization is not essential for transcriptional 
activation and that c-Jun can activate transcription by itself, 
without forming dimers with other bZIP proteins. 

MATERIALS AND METHODS 
nasmids, Cell Culture, and Transfcctions. Construction of 
c-Jun, cJunALZ expression vectors, and the -79/+17(>jun- 
CAT,'-79/+ 170AAP-ljun-CAT reporters has been described 
(20-22), To generate the monomeric c-Jun expression vectors, 
codons 278 and 279 of c-Jun in the Rous sarcoma virus-c-Jun 
vector (20) were mutated from GCC CGG to GCG CGC to 
create a B^jHII site. The resulting plasmid was digested by 
Bssmi and Xho I and ligated to phosphorylated ohgonucleo- 
tides coding for the loop and a new basic region as shown in 
Fig. IC. The exact sequences of the oligonucleotides are 
available upon request. To construct the Uimcated Jun (t-Jun) 
expression vector a Pst I-^amHI fragment encoding ammo 
acids 222-331 of c-Jun was cloned into pET-8C (23) by using 
the adaptor: 5'-CATGGCTAGCGAATTCCTGCA 
3' -CGATCGCTTAAGG-5'. 
F9 cells were grown and transfected as described (20, 21). 
Expression and Purification of Recombinant Proteins. To 
adapt the c-Jun cDNA to the pET-8c vector (23), two 
nucleotides preceding its initiator ATG codon were mutated 
to create a Bspm site by site-directed mutagenesis. The 
Bspm-BamRl fragment from Rous sarcoma virus-c-Jun (20) 
was inserted into pET-8c between the Nco I and BamBl sites 
to generate pET-8c/c-Jun. To express monomeric Jun (m- 
Jun), the C-terminal coding region of c-Jun in pET-8c/c-Jun 
was replaced by the same region of m-Jun. The plasmids were 
transformed into Escherichia coli BL2ia)E3)pLysS. The 
cells were induced, and Jun proteins were extracted from 
inclusion bodies and renatured as described (24), The pro- 
teins used in this report were purified to near homogeneity by 
heparin-agarose chromatography (24), Protein concentra- 
tions were determined by the Bradford assay (Bio-Rad), The 
N-terminal sequence of the recombinant c-Jun was deter- 
mined by J. Woodgett (Ludwig Institute for Cancer Re- 
search) as NHj-Thr-Ala-Lys-Met-Glu-Thr-Thr, the expected 
sequence after removal of the first methionine residue . Trans- 
Abbreviations: TRE, phorbol 12-mynstatc 13-acctatc-responsivc 
element; DSS, disuccinimidyl subcrate; t-Jun, truncated Jun; m-Jun, 
monon:>cric Jun. 
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feciion and immunoprecipitation of protein in F9 cells were 
done as described (25, 26). 

Mobility-Shift Assay. Mobility-shift assays (27) contained 
the indicated amounts of the different Jun proteins, 1 ng of 
5-P-labeled phorbol 12-myristate 13-acetate response element 
(TRE) probe , 1(X) ng of sonicated salmon sperm DN A, 12 mM 
Hepes KOH (pH 8.0), 50 mM KCI, 6 mM MgCl:, 1 mM 
EDTA, 10% (vol/vol) glycerol, 5 mM dithiothreitol, and 80 
yig of bovine serum albumin in a total volume of 20 ^xl After 
a 20-min incubation at room temperature, reaction mixtures 
were loaded on 5% native polyacrylamide gels (acrylamide/ 
bisacrylamide, 40:1). Electrophoresis was done in 0.4 x Tns/ 
borate/saUne (TBE; Ix TBE is 90 mM Tris/64.6 M bone 
acid/2.5 mM EDTA, pH 8.3) at room temperature. The 
mobility-shift experiments were quantitated by countmg the 
radioactivity of the dried gels with the Ambis radioanalytic 
imaging system. 

jun-TRE, consensus TRE (16), NFl, and Spl (28) oligo- 
nucleotide probes were described previously. 

DNase I Footprinting and Methylation Interference. The 
C'jun promoter probe was labeled at the Nco I site at position 
- 132 on the noncoding strand (20) and incubated with either 
c-Jun (80 ng), m-Jun (1.6 /ig), or bovine serum albumin (10 
yiig) and digested with either 1 or 3 ng of DNase I , as descnbed 
(29). For methylation interference the c-jun promoter frag- 
ment (-132 to +170) was labeled at position -132 either on 
the coding (by T4 polynucleotide kinase) or noncoding (by 
avian myeloblastosis vims reverse transcriptase) strands. 
Methylation interference was done as described (29). 

Chemical and UV Cross-Linking and Sedimentation Anal- 
ysis. One hundred microliters of either c-Jun or m-Jun (both 
at 0.07 mg/ml) were treated with either 2 ^l of dimethyl 
sulfoxide or 2 of 10 mM disuccinimidyl subcratc (DSS) in 
dimethyl sulfoxide for 10 min at room temperature. The 
reactions were quenched by adding 5 /xl of 1 M lysine and 
analyzed by electrophoresis on a 10% polyacrylamide/ SDS 
gel stained with Coomassie blue. For UV cross-hnking ex- 
periments, protein-DN A complexes were allowed to form for 
20 min on ice. Samples were treated with UV light (254 nm) 
for another 20 min on ice, 4 cm from the light source. For 
further cross-linking by DSS, 2 /il of 10 mM DSS was added 
to each sample. The mixture was incubated at room temper- 
ature for 10 min and then quenched by adding 2 ^1 of 1 M 
lysine. After this, samples were boiled in Laemmli sample 
buffer and analyzed on SDS/12% PAGE. The gel was dned 
and exposed with intensifying screen at -SO'^C overnight. 

Two micrograms of purified c-Jun or m-Jun was mixed with 
protein molecular mass markers (Bio-Rad) and sedimented 
through a 15-60% (vol/vol) glycerol gradient in buffer Z [25 
mM Hepes-KOH, pH 8.0/12.5 mM MgCl2/10% (vol/vol) 
glycerol/0.1% Nonidet P-40 1 mM dithiothreitol] containing 
100 mM KCl. After 19 hr at 50,000 rpm in an SW55.2 rotor 
at 20°C the gradient was fractionated, and each fraction was 
analyzed by SDS/PAGE, silver staining, and immunoblot- 
ting for the presence of the molecular mass markers, c-Jun 
and m-Jun. 

RESULTS 

Experimental Approach. c-Jun is a bZIP protein that is a 
major component of the AP-1 complex, consisting of Jun 
homo- and heterodimers and Jun-Fos heterodimers (30, 31). 
These proteins interact with a common sequence known as 
the AP-1 site or the TRE (30, 31). Like other bZIP protcms, 
the leucine zipper of c-Jun determines its ability to form 
homo- and heterodimers (14-17). The basic region appears 
unstructured before DNA binding and assumes a helical 
conformation after contacting its recognition site (18, 19, 32, 
33). From these and other findings, Vinson et al (34) pro- 
posed that upon interaction with the DNA, the basic region 
undergoes structural transition, allowing the protein to bind 
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from cjun loop 

.KAERKRMRNRUASKCRKRKLERIARVMGGIV 
DAILELKRKRCKSAAIRNRMRKREAK 

lynthctk basic region 
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Fig. 1. Schematic representation of wild-type c-Jun (A), accord- 
ing to the scissors-grip model and monomeric c-Jun (B). (C) Pnmary 
structures of the DNA-binding domains of the monomenc c-Jun 
proteins using the single-letter amino acid code; the loop sequences 
are indicated in italics. Note that the second basic region has been 
modified to contain leucine and aspartate, instead of the last two 
arginines in the original c-Jun sequence. These argmines arc not 
conserved among other bZlP proteins (18), In addition, the poly- 
peptide backbone of the second basic region is m inverted polarity to 
that of the origina] basic region. Ability of the different mononicnc 
c-Jun constructs to activate the c-jun promoter is indicated as 
positive ( + ) or negative (-). {D) Transactivation by c-Jun (cJ) m-Jun 
(mJ) and cJunALZ. F9 cells were transfected with the indicated 
rcconers and expression vectors (2 ^l% of each plasmid per plate), and 
chloramphenicol acctylu-ansfcrase (CAT) activity was determined .4 
hr later The results are the mean of three expcnments and arc 
presented as the fold increase in acetyltransferasc activity over the 
base line seen with cJunALZ. 
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its cognate DNA sites Uke a scissors grip (Fig. 1 A). Accord- 
ing to this model it may be possible to link two basic regions 
by a peptide loop, instead of a leucine zipper, to generate a 
bZIP protein that binds DNA as a monomer (Fig. IB). Hence, 
we connected a second, slightly modified, basic region to the 
basic region of c-Jun via the pepUdc-loop sequences shown 
in Fig IC Glycines were included to increase loop flexibil- 
ity To allow synthesis of the protein as a single polypeptide 
chain, the second basic region has the same amino acid 
sequence as the first region, but this sequence foUows the 
C-tenninal to N-tcnninal direction. Despite its mverted po- 
larity, the second basic region displays the same order of side 
chains as the original basic region, and if the pepUdc back- 
bone itself docs not participate in DNA bmdmg, it may 
possess similar DNA-binding specificity. To identify a con- 
stnict encoding a potentially monomeric c-Jun protein capa- 
ble of functioning in vivo, we left the transactivaUon domam 
as part of the protein because, even though this domain is not 
necessary for DNA binding, it helps monitor activity of the 
protein. The various constructs were tested for their ability 
to transactivate the AP-l-responsive c-jun promoter (20). 
One construct tested was functional (Fig. ID). Because this 
construct displayed much lower activity toward a mutated 
cv'wn promoter, lacking a functional AP-1 site, this construct 
apparcnUy acted in a sequence-specific manner. Immuno- 
precipitation analysis of transfected F9 ccUs indicated that 
the monomeric c-Jun construct expressed a protem with the 
predicted mobility (Fig. 2). Expression of this protem wa^ 
8-fold less efficient than expression of wild-type c-Jun, prot>- 
ably due to the more rapid degradation of the monomenc 
protein. This decreased expression could account for much of 
the decreased transactivation potential of the monomenc 

c-Jun construct. jA#*,nMA 
The Designed Protein U Monoroerk Before and Alter DNA 
Binding. To further characterize its activity and physic^ 
properties, the protein encoded by this construct, m-Jun, and 
its wild-type counterpart, c-Jun, were expressed m E. coli Dy 
using the T7 expression system (23). Both protems were 
extensively purified, and their aggregation state was exam- 
ined by chemical cross-Unking and sedimentation analysis. 
Treatment of c-Jun with the homobifunctional cross-Unkmg 
agent (DSS) resulted in the formation of stable c-Jun duners, 
whereas no cross-linking of m-Jun was seen (Fig. 3 A). 
Sedimentation analysis with glycerol gradients indicated that 
c-Jun exists in solution as a mixture of monomers and dimers, 
whereas m-Jun is exclusively monomeric (F»8- 35). 

To demonstrate unequivocally tiiat m-Jun binds to the 1 Kt 
as a monomer, we did additional cross-linking experiments. 
Both c-Jun and m-Jun were incubated with a large excess of 
^2p-labeled jun-TKE sufficient to saturate both protems. 





Fig. 2. ImmunoprccipitaUon 
analysis of Jun protein expression. 
Expression vectors encoding wild- 
type c-Jun (cJ) and m-Jun (mJ) 
were transfected into F9 cells. 
Twelve hours after iransfeciion the 
cultures were labeled for 3 hr, and 
35S-labcled Jun proteins were iso- 
lated by immunoprecipitation and 
resolved by PAGE. Migration po- 
sitions of c-Jun and m-Jun arc in- 
dicated by open and solid arrow- 
heads, respectively. Two separate 
experiments are shown. 
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These mixtures were exposed to U V irradiation to cross-link 
the protein molecules to DNA and DSS to cross-link protem 
molecules to each other. In preUminary expenments we 
found tiiat neither cross-Unking agent alone was sufTicieni for 
generating a composite protein-protem and protein-DNA 
adduct. After cross-linking, tiie mixtures were resolved on 
polyacrylamide/SDS gels, and tiie protein-DNA adducts 
were visualized by autoradiography. Fig. 3C shows that the 
c-Jun-TRE adduct migrated with an apparent molecular m^s 
of 96 kDa, consistent with binding of a protem dimer to the 
TRE However, the m-Jui>-TRE adduct migrated witii an 
apparent molecular mass of 46 kDa, consistent with bmding 
of a protein monomer to the TRE. 

MoDomeric c-Jan Binds DNA SpedncaDy and Efficiently. 
Mobility-shift assays were done to compare the relauve 
affinities of c-Jun and m-Jun to the>;H-TRE (Fig. 4A). m-Jun 
was «one-tenth as efficient as c-Jun in binding tius sequence. 
The complex formed by m-Jun with either the jun-TRE or a 
consensus TRE sequence had an electrophoretic mobdity 
intermediate to those of tiie slower moving complex formed 
by wild-type c-Jun and tiic faster moving complex formed by 
a truncated c-Jun (t-Jun), consisting of its 110 C-termmal 
amino acids (Fig. 4B). These differences in electrophoretic 
mobiUty are consistent witii m-Jun binding to the 1Kb as a 
monomeric 36-kDa protein, whereas c-Jun and t Jun bind as 
dimeric 38-kDa and 15-kDa proteins, respectively^ All three 
proteins bound both TRE probes with simUar efficiencies, 
and competition experiments showed tiiat binding of m-Jun to 
the jw/i-TRE was specific (Fig. 4C). 

The specificity of m-Jun bmdmg to DNA was further 
demonstrated by DNase 1 footprinting (Fig. 5A) and metii- 
ylation interference (Fig. SB). Both c-Jun and m-Jun gener- 
ated indistinguishable protection and interference patterns 
centered around the TRE of the c-jun promoter. Interest- 
ingly, methylation of tiie fu^t guanine upstream to the 5 - 
TGACATCA-3' sequence fuUy interfered with bmdmg of 
botii c-Jun and m-Jun, whereas methylation of tiie second 
guanine partially interfered with tiieir binding. Hence, both 
Jun proteins appear to contact these residues, even though 
they are not a part of tiie TRE core. These results, which are 
consistent witii previous results obtained by mobihty-shift 
assays (35), demonstrate tiiat sequences tiiat flank the IKt 
are also important for recognition by Jun protems. 

DISCUSSION 

Collectively, these results indicate tiiat m-Jun specifically 
recognizes tiie TRE in vitro and in vivo. Altiiough it bmds 
DNA as a monomer, m-Jun interacts with its recogmtion sites 
indistinguishably from c-Jun. These results are strikmg, 
considering tiie fact tiiat tiie second basic region of m-Jun is 
polymerized in the C-terminal to N-terminal direction. These 
findings underscore tiic inherent flexibility of tiie basic region 
as a DNA-binding motif. A variety of experiments sugges 
that before DNA binding tiie basic region is ""smictured but 
assumes a helical structure after DNA binding (18, 19, 32, 33). 
In addition to the structural transition of the basic region 
upon interaction witii its target, tiie target sequence itself 
undergoes bending, resulting in even a better fit between the 
DNA and protein (36). Our results indicate tiiat tiie polypep- 
tide backbone of tiie basic region is not involved in sequence 
recogmtion. The polypeptide backbone does not appear 
dircctiy involved in contacting tiie DNA m most otiier 
DNA-binding proteins, tiie structure of which has been 
determined at high resolution (37). However, we dcmonstotc 
that a DNA sequence-recognition motif can be polymerized 
in a polarity opposite to tiiat of tiic natural structure and stiU 
maintain its activity and specificity. Even tiiough m-Jun stiU 
contains one normal basic region tiiat probably makes an 
important contribution to binding, tiie footprintmg and metii- 
ylation interference experiments indicate tiiat botii halves of 
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Fig. 3. m-Jun is a monomer in solution and upon binding to DNA. 
The aggregation state of m-Jun (mJ) was compared with that of c-Jun 
(cJ) by chemical cross-Unking (A) and sedimcntatioo (B) analyses. In 
A dimethyl sulfoxide; +, DSS/dimcthyi sulfoxide. In 5 the graph 
shows relative concentrations of c-Jun (□) and m-Jun (♦) in different 
fractions, as determined by densitometry with an LKB UltroScan XL 
and peak positions of the molecular mass markers. (C) Aggregation 
state of protcin-DN A complexes fonncd by m-Jun (mJ). t-Jun (U), and 
c-Jun (cJ) was analyzed by UV and DSS cross-linking. m-Jun (200 ng), 
t-Jun (40 ng), and c-Jun (40 ng) were incubated with 'zp-labeled 
;u/!-TRE probe (1 ng) f or 20 min and then subjected to cross-Unking 
by cither UV alone or UV plus DSS. M, molecular mass markers. 
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Fig 4 Mobility-shift assays. (A) Protein titration experiment. A 
fixed amount (1 ng) of end-labcled jw/i-TRE probe (P) was incubated 
with increased amounts of c-Jun (cJ) and m-Jun (mJ), as mdicated (in 
ng). Formation of protein-DNA complexes (solid arrow for m-Jun 
and open arrow for c-Jun) was analyzed by the mobility-shift assay. 
(B) Full-length c-Jun (cJ), truncated c-Jun (tJ). and m-Jun (mJ) were 
incubated with jun-T¥(£ and consensus (con) TRE probes; the 
protein-DNA complexes (solid arrow for m-Jun, open arrows for 
c-Jun and t-Jun) were separated from free probes (P) by electropho- 
resis on a nondcnaturing polyacrylamidc gel. (C) CompcUtion 
(Comp) experiment. m-Jun (400 ng) was incubated with 1 ng of the 
jun-TKE probe in the presence of the indicated amount (m ng) of 
unlabeled Jun-TKE, Spl, and NFl-binding-site oligonucleotides. 

the TRE are contacted by the protein in a similar manner and 
to the same extent. Thus, it appears possible that as long as 
the basic region can project the same order of side chains into 
the major groove, it can bind DNA in a sequence-specific 
manner. These findings arc encouraging for the future design 
of synthetic ON A-binding domains and suggest that such 
domains could be generated by anchoring appropriate side 
chains into a flexible polymeric backbone other than a 
polypeptide. The use of a nonpolypeptide backbone is likely 
to increase the biological half-life of the polymer, as it will not 
be recognized by cellular proteases. 

Although transactivation by m-Jun was considerably lower 
than transactivation by c-Jun, immunoprccipitation iiKlicates 
that m-Jun was also expressed less efBcicntly than c-Jun. 
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Fig 5 DNase I footprinting (A) and mcthylation interference {B) 
analysis of c-Jun and m-Jun. Arrows indicate the ^ 
which methylation strongly interfered with t>!«dmg erf c-Jun an^^ 
m-Jun- Location of these guanines within the cv«n ^^'^^^^^ 
is indicated by circles at the bottom. The guainnc residue that 
partially interfered with protein binding is not marked, tree. b. 
bound. 

Taking into consideration the 8-fold difference in the level of 
expression of the two proteins, m-Jun could function in vivo 
almost as efficienUy as cJun. We noticed that another 
monomcric c-Jun construct with a loop only two anuno acids 
shorter than m-Jun cannot transactivatc the jun promoter 
(Fig IC) A small protein analogous to m-Jun was dcscnbed 
by Talanian et al. (19), who connected two GCN4 (respon- 
sible for general control of amino acid biosynthesis m yc^t) 
basic-region peptides via a disulfide bridge. Although this 
protein bound DNA at 4«C in vitro, it is unbkcly that the 
disulfide bridge wiU remain oxidized at higher physiological 
temperatures and the reducing intraceUular environment. 

Our results strongly suggest that the only funcuon of the 
leucine zipper is to mediate protein dimerization. As long as 
two basic regions can be tethered together at the right 
geometry, the leucine zipper is not required for either trans- 
activauon or for conferring binding specificity. 

The approach described here can be used to assess the 
ability of other bZIP and probably also hclix-4ooi>-hcl« 
proteins to activate transcripuon by binding to their natural 
recognition sites. This is an important test because the abdity 
of a given protein to activate transcription may depend on the 
binding-siu type with which it interacts (5. 7 8)^ Bt^use 
these proteins will not be able to interact with other family 



Proc. Natl Acad. Sci. USA 89 (1992) 

members, this approach would reveal their intrinsic acuvuy. 
Finallv the availability of monomenc denvaUves of sc- 
ience-specific activators should simplify their structui^ 
^alysis wiOi nuclear magnetic resonance by aUeviaUng prob- 
lems associated with protein dimerization. 
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ABSTRACT Using protein stitchery with appropriate at- 
tachment of cjTsteines linking to either C or N termini of the 
basic region of the v-Jun leucine zipper gene-regulatory pro- 
tein, we constructed three duners— i»CC pCN, and pNN. All 
tliree bind specifically to the appropriately rearranged DNA 
rtcognhioo sites for v.Jnn: ATGAcgTCAT, ATGAcgATGA, 
and TCATcgTCAT, respectively {K^, «4 nM at 4^0, Results 
of DNase I footprinting provide strong support for bent rec- 
ognitioD helices in leucine zipper protein-DNA complexes. 
Comparison of the results for pCC and pNN with those for pCN 
' shows the design superiority of palindromic sequences for 
protein recognition. 



The mechanism by which cells resp>ond to external stimuli is 
a fundamental problem in modern biology. Transcriptional 
regulatory proteins arc known to play a key role in several 
systems evolved by cells to convert extracellular signals into 
altered gene expression (1). They operate by specifically 
binding to DNA tar^get sites, which regulate the transcription 
of particular genes. Prominent among transcriptional regu- 
latory proteins are the leucine zipper family of proteins, 
which recognize the DNA binding site as either homodimers 
or heterodimere (2-4). 

The leucine Tippet proteins arc characterized by two 
functional segments: (/) the leucine zipper region, a helical 
region containing four or five leucines spaced at seven-amino 
acid intervals, and (u) the basic region containing many basic 
residues (5-10). The basic region appears to be unfolded in 
solution but assiunes an o-helical structure binding to its 
recognition site (11-13). Site-directed mutagenesis (6, 7) and 
domain swapping (8-10) ejqperiments show that the leucine 
zipper region mediates dimerization and that the basic region 
is responsible for DNA landing. £jq>eriments retracing the 
leucine a|>per r^;ion with a three-peptide finker (14, IS) 
showed that the dimerized basic region recognizes the same 
site as the native protein, supporting the scisscH? gr^ model 
(5), ^ere each monomer recognizes die half site of the 
symmetrical DNA binding site. Recently, we showed that the 
normal dimer (denoted pCQ, vAnich selectively recognizes 
the sequence ATGAcgTCAT, can be inverted to form a 
protein (denoted pNN) that selectively recognizes the in- 
verted site, TCATcgATGA (15). 

(3el electrophoresis experiments (22) with Jun homodimer 
and with Jun-Fos heterodimer showed that Jun and Fos 
induce DNA bending in the opposite direction upon binding 
to the sp)ccific site. To explain this, it was proposed that the 
basic region of jun has a bent tt-hclix, while the basic region 
of Fos has a straight helix. However, a recent x-ray crystal 
structure (21) for the complex between GCN4 and DNA 
containing the GRE site (ATGACTCAT) showed a straight 
single Qr-helix for the basic region of GCN4. Our current 
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Fig. 1. Sequences of protein (a) and oligonodeotides {b) used in 
gd-retardatiDo and footprinting studies. Total length of each oligo- 
nucleotide B 62. v-Jun-br contains the basic regioa of v-Jon. CGG is 
added to the N terminus v-Jim-br to make v-Jun-N and GGC is 
added to the C terminus of v-Jun-br to make v-Jon-C. Proteitts were 
diemically synthesized and checked by mass q>ectroscopy at the 
Biopoiymer Synthesis Center at the California Institnte of Technol- 
ogy (15). (c) Strategy for making pCC (and pKN) tnd pCK dimers. 
v-Jun-C was incubated with 10 mM dithiothreitol (DTD for5 hr at 
room temperature and purified direcUy into 10 mM 2,2'- 
dithiod^yrkfine AOO mM sodium phosphate, pH 5.5, contahnng 30% 
acctomtrile. Resulting thiopyiidyi-CT-JunQ was purified by HFLC 
Purified mooomer v-Jun-K underwent reaction with 2 equivalents of 
thiopyridyHv-Jun-C) in solutioa coutaining 100 mM tctraetbylam- 
monnon acetate buffer (pH IS) and 15% acetonitiile for 12 farat room 
temperature- The final product, pCN, was purified by HPLC (15). 

results support the interpretation that the v-Jun homodimer 
bound to its specific site has bent or-helices. 

Peptide Design 

Using protein stitchery, we have made three kinds of v-Jun 
(16, 17) homodimers (denoted pCC, pNN, and pCIN) and 
show here that each selectively recognizes the appropriately 
reorganized DNA binding sites ATGAcgTCAT, TCATc- 
gATGA, and ATGAcgATGA (see Fig. 1). The concept of 
protein stitchery (15) is that the individual basic arms (half 
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sites) of the dimcr and the individual half sites of the DNA can 
be recombined or stitched together in various se^^^f « »f 
form new proteins selective for binding to the new DNA sites 
Thus, we use here the recognition helix v-Jun-br of Fig. 1^ 
with a cysteine Unkcr at cither the N (v-Jun-N) or the C 
(v-Jun-C) terminus. Hiese can be combined to form either 
pNN. pCC. or pCN dimers as illustrated m Fig- Ic Foiina- 
Uon of pNN and pCC (via pathway D is straightforward since 
each involves dimcrization of identical monomers. To ensure 
formation of pCN. the cysteine at the C tenninus of v-Jun-C 
*-as reacted with excess 2.2'-dithiodipyndme to form thiopy- 
ridyWv-Jun-C) (18. 19) and then coupled with the cysteine at 
the N terminus of v-Jun-N to form the pCN dimer (v-Jun- 



OS-Mv-Jun-N) (pathway ffl; Fig. Ic). We also verified 
pathway 11 for forming pCC. 

Results and Discussion 

We carried out eel-retardation assays (15) for each of the 
three peptide dimers with oHonudccUdcs (Fii lb) cone- 
sponding to each of the three proposed bmdmg « «• The« 
r«ults (Fig 2a) show that each dimer recognizes the apprt^ 
pna te bSng site specifically with no detectable binding to 
the other sites. It is important to note that this strong 
prtfertce for dimer occurs even though aH oUgonucl«>ud« 
contain proper sites for binding a single arm of each dimer. 
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Fig . 3 . Schematic diagram for the complex between peptides and 
their corresponding DNA sites assuming a bent recognition helix 
(a-<) and a straight recognition helix {d-f). {a and d) Complex 
between pCC and probe DNA CC. (b and e) Complex between pCN 
and probe DNA CN. (c and /) Complex between pNN and probe 
DNA KN. The linker connecting two monomers indicates a dimlfide 
bond between the cysteines attached to the end of peptides. Id each 
case, the side view is on the top and the top view is on the bottom. — 
Outer and inner cirdcs of the top view represent the outer and inner 
major groove surfaces of the top strand for the proposed binding site 
projected onto an imaginary plane perpendicular to the axis of DNA 
and running through the center of the peptide and binding site. 
Shading is used with the peptide and DNA contacts to ease the 
tracking of these regions in different cases. This diagram shows that 
a bent recognition helix can contact the same 4 bases for aH three 
peptide dimers, wfafle a linear recognition helix would contact 
different bases in the three peptide dimen« (This diagram b not 
meant to imply an exact correlation between where the basic region 
is bent and where the bases arc positioned.) 

Therefore, at 3 nM peptide concentration the dimer does not 
make a stable cooopiex whh DNA unless both arms in the 
dimer recognize their proper sites. This implies cooperation 
between the monomers in recognizing the binding site (20). 
Since all three dimers have similar (2-6 nM) binding a£5nities 
with their own sites and since all three lead to the same length . 
region protected from DNase I digestion (sec below), we 
conclude that (0 all three cases involve similar conformations 
in the complex between DNA and peptide, and (£0 the 
monomer arm retains the same contact region in various 
dimers; this occurs despite the changing orientation of the 
monomers in the various peptide dimers (15). 

There arc two major models for the bound conformation of 
leucine zipper protein to the specific site. One is the induced 
helical fork model (13), which proposes a straight single 
a-belix for the basic region, and the other is a scissors grip 
model (5) which proposes a bent ct-helix for the basic region. 
The recent x-ray crystal structure (21) for the complex of 
GCN4 containing only the basic and leucine zipper region and 
DNA-containing GRE site showed that the basic region of 
each protein has a straight a-helix conformation recognizing 
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Fig. 4. Specific binding of protein at and near the correspooding 
DNA binding site, (a) Complex pCC/CC. {b) Coin;rfex pCN/CN. (c) 
Complex pNN/NN. O represents specific bindhig; X represents 
nonspecific binding. pCN/CK has one specific binding site and two 
sites for semispecific (half site) binding near its (nonpalindiomic) 
binding site. However, pCC/CC and pNN/NN do not allow semi- 
specific bmding near their (palindromic) bincfing sites. - 

each half site of the dimer binding site. There was no DNA 
bending caused by protein binding (21). However, there 
remain many problems with assuming that the basic region is 
in an cases a straight a-belix: (f) The bases flanking the active 
site affect the binding of leucine zipper protein even though 
the crystal structure shows no direct contacts with protein 
(21). (/i) Gel electrophoresis experiments using Jun ho- 
modimer and Jun-Fos hctcrodimer showed that Jun and Fos 
induce DNA bending in opposite directions upon binding to 
their site (22), whereas (jCN4 does not induce DNA bending 
(21, 27). (fiV) Even though GCN4-br (a peptide containing the 
basic region of GCN4 protein) showed no specific binding 
(for details see ref. 14), we find that the monomer v-Jun-br (a 
peptide containing only the basic region of v- Jun; see Fig. la) 
specifically binds to the dimer site and shows the same 
protection as the dimer. Our conclusion then is that there is 
no universal model for the DNA-bound conformation of the 
basic region of leucine zipper proteins. Whether it is linear (as 
in GCN4) or bent (as in Jun) depends on the specific primary 
sequence and the properties of the solutions (stabilizers, pH. 
etc.) used in the experiments. 
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The result that aU three dimers (pCC. pNN. and pCN) bind 
tronelv to the appropriate combination of oUgonucleoude 
k« implies that the heUcal binding arm is bent (5. 22) (see Fig. 
1 Our argument is as foUows. The optimum bmding site for 
^th Jun homodimer and the Jun-Fos hetcrodimer .s known to 
^ ATGAcTCAT or ATGAcgTCAT. where the mncr 7 or 8 
play an important role in recognition (23. 24). The x-t^y 
s^cture of GCN4 bound to DNA le^s to straight 
;-beUces, which have direct contacts with only the inner 7 
of the ORE site (ATGACTCAT). Thus each arm 
'elS^Ses the half-site (gATGAc or gTCATc of the dimer 
^Sg site asymmetrically. If the same were true for v-Jun 
S X same contacts are maintained between the pro^ 
^d bases for the bound conformauons of pCOCC, 
and pCN/CN (as expected since the bmdmg constants and 
protection are the same), then the orientaUoos of the bmdmg 
Us would have very different onentations (Fig^ 3j and/). 
TTus should result in different protection from DNasc I d«cs- 
Si (not observed). In addition, for the pNN/NN cotnijex^ 
SSs would lead to N termini of the two armstoo distan to be 
SSn^cted by the added linker. GGCCGG. m f amative to 
FiE 3 <^-/is for each dimer to have the same angle (as m Fig. 
3' Thus, the actual contact region would not be eqmvalen 
in the three cases and it would be difficult to explain the gc 
retardation and footprinting results. Thus, ^on;>"de that 
for v-Jun the basic region becomes bent upon bmdmg to the 

^ oi'the other hand, with the recognition helix bent roughly 
at the middle of the heUx (as indicated ^'8/ ^ ^.^l.*';'^^ 
plausible that the contact regions are AT(3AcgTCATtor 
Sec TCATcgATGA for pNN, and ATGAcgATGA for pCN. 
ms leads to equivalent contact regions in all three cases and 
to the roughly equivalent binding energies apparent m Fig. 

fa ISdWon, footprinting (15) of the three peptide Jmers 
(Fig. 2b), each with the appropriate ohgonucleotide duner, 
su«ests that tiie complexed peptide duncis protect the full 
;&c site (aU 10 bp) from DNase I digesdon. These results 
sfr^)ngly support the bent recogmuon hcUx model for the 
S dLer? wnsidered here and hence also for the leucine 
zipper parent proteins (21, 22). iw cKr>a/c 

For the pCN/CN complex, footpnntmg (Fig. 2b) shows 
incomplete protection on the binding site and partial protec- 
tion on die bases flanking the bindmg site, whereas for 
pCaCC and pNN/NN this does not ha^en. This occurs 
even thoudi gel-retardation assays indicate specific bmdmg 
Sr ll coiSlSs. Our explanation of tiiis (Fig. 4) suggests 
why palindromic sequences are so common for selccUve 
WndiiTof regnlatoiy proteins (25. 26). This rcasonmg « 
supported by recent results we have obsav«l showing tb^ 
(i) t£e monomer of v-Jun containing only the ba^c J^ej^n 
v-Jun-br) specifically protects both I^C and pNN bmdmg 
sites identically to the protecuon provided by the dimers pCC 
and pNN, respectively: (fO at 3 nM concentration, ifi^^- 
datiwi showed^hat pCC (and pCN) has lower bmdmg affimty 
for the DNA probe carrying a sequence of cgATOAcgl- 
CATcgTCATcg (containing pCC and pCN bmdmg sites over- 
lapping half of each dimer binding site in the center than for 
CC (and CN) probe DNA. These results imply that the hatf 
site, gTCATc (or gATGAc). added next to the pCC (or pCW 
binding site interferes with the binding of pCC (or pCN) to the 
dimer binding site (because the half site <^ be used as a 
binding site for each arm of the dimer if the orientation 
between the site and arm fits). Details of these resulu w^ be 
published elsewhere. Fig. 4 indicates the strcn^h of bmdmg 
for all three peptide dimers at or near thcff DNA recognition 
sites. Here. O represents good binding, while X represen^ 
nonspecific binding. The palindromic sites for pNN and pCC 
lead to binding only when the protem is c'^acUy a the 
recognition site, whereas pCN can recognize both fuU site 
(both arms bound) and half sites (one arm bound). In gel 
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retardation and DNasc I footprinting. semispccific bindmg 
competes with specific binding. This occurs because one arm 
of the semispecifically bound peptide would cover hatf of the 
specific binding site, preventing another chmer fro"" bmcbng 
and providing full protection. This explains (/) why gel- 
re^Son as'says (Fig- 2a) show4ower bindmg ^inity for 
the pCN/CN complex compared to the pCUCt, ana 

pNN/NN complexes and (.7) why foo5'™"°«."'?rn,^i«l 
2b) show incomplete protection on the bmdmg site and p^a^ 
protection on a few bases flanking tiie bmdmg site Such 
semispecific binding interferes with tiie site-specific binding 
and would eventually result in low producuon and abnor- 
maUy slow growtii. However, gel retardaaon shows no 
detectable nonspecific or semispecific binding at low peptide 
concentration, indicating that semispecific bmdmg is sigruf- 
icantiy weaker tiian specific binding. After dmienzaUon, the 
proteins suitable for palindromic dimer bmdinfe sites avoid 
semispecific DNA binding, leading to more selective recog- 
nition of tiie specific sites. Thus, palindromic dimer bmdmg 
sites provide a good design for selective molecular recogm- 
non and for fiirthcr fiexibility the link can ahgn sites (Fig. 3) 
to modify recognition. . 

The results on tiie three dimers considered here provide 
encouragement that tiiis protein stitchery approach is feasible 
for designing and synthesizing proteins to «cognue long 
DNA sequences. Thus, for trimers to recognize 15-bp se- 
quences, we are using an approach simil^ to that of Fig. Ic 
Evolving appropriate use of cysteme hnkages and transfer 
activators. It seems possible to design protems for 20 bp and 

'°Kmmary, we find tiie foUowing: d") Prot«°^"'»«^ °( 
v-Jun leads to three dimers (pCC, pNN, and pCN). each of 
wUch binds specificaUy to the appropmte rc^gementof 
DNA sites Thus, tiiere is cooperation between the two 
SSfomlnof^edLner in binding to DNA, wWJdep^^^^ 
tiie relative orientation of two monomers in tiie W 
- These results provide strong snpport for th« bent a^^^^ 
model of tiie basic region when bound to DNA. ('") These 
results provide an explanation for tiie advantage of dimer- 
ization Ld tiie use of palindromic sites in the sjte-selec^ve 
Sding of proteins to DNA. (fv) These results show protem 
stitchwy to be usefiil for establishing tiie confonMtion and 
me^Smforbindingof proteins to tiieirDNAbmdmg sites. 
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Abstract: We desiLnied a peptide to recognize a new 1 6-bai.e-pair sue (about 1 .5 tums) of DNA by stitching together 
three peptides of the vjun basic region in a specified order. The binding site consists of three Hve-base-pair half- 
sites each of which is recognized by a different segment of the peptide. DNase I fooiprintmg shows thul the new 
peptide specifically recognizes the proposed site, and gel retai'dation shows that the dissociation constant is about 5 
nM ai 4 ^^C. Gel retardation shows that the new peptide does recognize the proposed irimer binding site about 10 
limes stroneer than the dimer binding sites Ihnvmg two half-sites for two arms]. Tiiese results also provide information 
about the relationship between specific and nonspecific binding m the recognition between protein and DNA. 



1. Introduction 

Proteins that bind selectively to a specific DNA binding site 
piay important roles in biological systems. Thus the regulation 
of cellular reactions nncluding replication, transcnpiion, and 
translation) is mostly mediated by the specific interactions of 
DNA binding proteins with DNA.' As a result, design and 
svnihe.sis of sequence-specific DNA binding proteins are of great 
interest in modem chemical bitilogy. 

Synthesis of peptides specifically recognizing long sequences 
(more than 10 base pairs (bp's)} of DNA is also important in 
mappmg large genomes. Most known restriction enzymes 
recognize 4-8-bp sites, creating too many fragments to be 
handled when used to digest genomic DNA. Many attempts 
have been developed to recognize (and cleave) specific longer 
sites of DNA.-"^ However, most of the current methods are 
indirect, requiring a series of steps (protection, chemical 
modification, and deprotcction) to obtain the desired results. 

We illustrate here the protein stitcherv' approach for designing 
a new protein to recognize a specific long site (16 bp's) of DNA. 
Tills is illustrated in Figure 1, which contains three fragments 
each corresponding to the basic region of v-Jun. 

v-Jun is a member of the leucine zipper protein class of 
regulator) proteins for DNA transcription. It binds as a 
homodimer or as a heterodimer with Fos to a DNA site having 
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Figure 1. Schcmaiic diagram for the complex between ihe peptide 
irimcr pCC-NC and the trimer binding site o-CC'NC. The proposed 
binding site sequence for the top itrand of DNA (see Figure 2b) is 
shown on the ri^ht of ihe diagram. The current and pre\ious 
c\pcrimenial results"^ suggest that the peptide wraps around the D.N A 
alone ihe major groove lo recognize all three monomer binding .sites. 

dyad symmetr>-.^*'-" A recent X-ray cr>'sta] structure for the 
complex of GCN4 {'another leucine zipper protein) and DNA'--''^ 
shows lhal the di men nation is mediated by the leucine zipper 
region and that each basic region forms an a- helix as it 
recogni2£S the half-site of the dimer binding sue. The a-helix 
of ihe protein- DN. A complex may bend depending on the namre 
of the binding site. In the absence of the specific DNA binding 
site, the basic region of the leucine zipper protein has a flexible 
structure in solution. However, it changes to a-helix when 
bound to the specific site of DNA,---^^ 

use gel retardation and footprinting assays to show that 
Ihe new peptide stitched together from three \ -Jun basic regions 
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EXHIBIT D 
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(a) Peptides (amino terminus on the left) 



v-Jun-br: S QERIKAERKR MRNRIAASKS RKRKLERIAR 

v-Jun-N - CGG S QERIKAERKR MRNRIAASKS RKRKLERIAR 

v-Jun-C ■ S QERIKAERKR MRNRIAASKS RKRKLERIAR 

v-Jun-NC- CGG S QERIKAERKR MRNRIAASKS RKRKLERIAR 



GGC 
GGC 



(b) Cligonucleot ides 
o-CC-NC 



o-CC 



o-CN 



5 ' -ctcagatccggatcctaggttaaacgATGAcgTCATcgTCATcggtataggtcgagaattcggatcct-3 ' 
B'-gagtctaggcctaggatccaatttgcTACTgcAGTAgcAGTAgccatatccagctcttaagcctagga-b- 

5' -ctcagatccggatcctaggttaaacgATGAcgTCATcggliataggtcgagaattcggatcct-B' 
3 ' -gagtctaggcctaggatccaatttgcTACTgcAGTAgccatatccagctcttaagcctagga-5 ' 

5' -ctcagatccggatcctaggttaaacgATGAcgATGAcggtataggtcgagaattcggatcct-3 ' 
3- -gagtctaggcctaggatccaatttgcTACTgcTACTgccatatccagctcttaagcctagga-5 • 



(c) Procedure to make pCC-NC 



i-rSH 



^ 



v-Jun-C 




V- Jun-NC 



pCC'NC 

Kijiurt 2. SL-t^uenccs of pnuem (a) jnd ohgonuclcoiidcs ' bi u^a] in \bc yci rtiauialmn .uui liuHpntmng Mudics. Tlic luUil uljguiKk-lccHklc^ 
K>-CC. o-CN. and o-CC-NC are (C b2. and hS. respective!). The peptide N-Jun-hr eoniains ihe basic rc^nm of vOun lanimo aeids 214 -:44i.' 
X .lun-N and v-Jun^C were prepiuvd a^ dc.wnhed pieuoLsly. " ' v Jun CN iwhieh is equivalent ui v-Jl.'N-N'C) was ehemiealU >yniheM/.eij and 
purified, and ihc puniv was .heekeJ b> nui^s spceir{iscop> a: ihe Biop..Kmei SyniheMs Center ai ihe California Instiune of Technulntry as des.nbLd 
previously: ■ ■* eak-d.'4:Mx4; exptl. A2f^').]. ai SiraiCi;\ tor niukmi; die pCC-NC" iriniei. 



binds seieciively lo the 16-bp siie of DNA composed of three 
lialf-siies uppropnaiely i)ncnied) for ihc v-Jun dimer. These 
results provide funher insiiiht on the intcraclion o\ leucine zipper 
proteins with DNA. 

2. Materials and Exptrinienls 

2.1. IVptidts and OlijionucU'otidc Synthesis. The peptide niotio- 
merx \-jLin-N. v-Jun-C. and v-Jun-CN ( --ee f'liiure 2a i ^^-rc prepared 
a> desvTibed preMousK . '* The automated siepui^e ^ynlhosev were 
done on an .\pplied Biosy>iems ni^vdel 4.M1A pepude ss rilhest/er vMih 
an opi;mi/ed s\nthelie proloeol of the .\'-fr/7-bulo\yearKm\ 1 i;-Boci 
eheniistry. The peptides uere purified b> re\ erse-phase hti:h- 
p-rlormanLC liquid ehroinaloirraphy (flPLCi on a \ ydae CIS eoliimn. 
A linear i:radient of aqueouva.cloniir!le''0. 1 '^f trifloroacetic 

avid v'.as iim over 1 20 mm. 

li-e ohj^onucleolides o CC. o CS. and o CC-NC nndiealiri:: an 
olieonuL-lcoitde eonlainin^ the propo.s^-d hindmc ^ite ol pCC'.NC. see 
t>eiou I'or [he nolaiioiii were used \o rntmic \ :irious \)S.\ hnidini: Mies 
a^ shnwn in i iL'urc 2b 'I'hese \^e^e s\nlhe^i/ed usmLi the lacilmes at 
Ihe Hi'ip.»l>iner Ssnlhcsis Ccnier at Calieeh. o-CC has die bndine 
si'.e 1 ATCiAeLTC.'\Ti t)f die \ Jun dimer uhile tlie o:hers aie tornied 
\Mti) ^aiious iearrani:eniefUs (>\ ilic half-siic. The s\nthesi/ed ohL;o- 
HLkleolides \^vie purified b\ usint; lO"-* dei:aLui nii: pnlya^r\ lann.Je eel. 
ai d d.jplcve- 'Aeic made be*v.een coniple nient jr> nh ;'onu Jei)!ides i| 
needeJ 

1.^^) iM:k. C . C.tinpbell. J L . Goadaiij. \^ A., ill /'-v-, 'ui:.' .A. iui 

U. f'ars C . CanpNi-Il. J L CK>dd;ird \V \ , 11! /' \> 
^ / V 1 W -IS^Z- 4s^*'> 

■^,^A-^ C PhD Thrsis C.ilk-. h. 



2.2. Synthesi?> of tht Peptide Dimer and Peptide Trimer. The 

proeedure lo syntliesi/e honiodiniei [iCC is slraiuhdorviard. hi 
o\idi/iP.e condi lions (5 mVl oxidi/ed duhiolhreilol.i \-Jun-C dinien/es 
to foMn pCC. However, lo syndicsi/e heterodinicr pCN requires 
additional steps. In order lo form pCN \«. ilhout also fonning pCC and 
pKN. u c acm alcd the thiol group of v-Jun-C usin;: 2.2'-dilhicxhpyndinc 
( see f igure 2e ) and purified the resulting ihiop) ndyi-i \ -Jun-C ) v.]ih 
HPLC ^ ' I his was reacted with purified \-Jun-N Ici form pCN. 

To form (he irinier pCCSC cndicatiiiL: a peptide trimer ^onsisnnj: 
o! three monorncr amis connected bv iwxi disulfide bt)nJs: one is made 
heiueeii tw«^ C-le:innii of die first and second aims, and the other one 
IS made VMueen the N-icrmnius ot the second arm and the C-lcrmtniis 
of the third arnn, wc usod a stnidar procedure in uhich purihcd 
monvtmer \ -li;n-NC v. as reaeled \\ ][h excess i > ei|ui\ t Ihiopv nd) l-f \ - 
Jun-Ci make the trimer product pCC-NC isee Fij.'ure 2c). which uas 
puid'icd b\ HPLC.'' Jo \crd"> the tormati(>n of fvpdJe he:crodiriier 
anil [Vi>iide heierolrnner. HPLC analyses were done with the purd~icd 
pCC*NC and pCN and with pCC*SC and pCN reduced b> 20 mM 
dithioihreiiol iDTTr Tlie HPLC anaUsts <Fipure 3i shi^ued that 
ti'ducD'ni of pCC-NC yields onl\ the tw o f>e.itss corresponding lo \ -Jun- 
NC and v-Jun-C in the cvpected L2 ratio, wide pCN slious iwo peaks 
vonesportline to \ -Jun-C and \-Jun-N in ihe c\:x'cu-d 1:1 '.itio I hi> 
HPLC :inal\Nis .orfirms the formation o| hetenMnmer pCC^-N'C and 
ficierod.irier pO' becauso each ut \-Jun-C and v Jun N ha^ oriK one 
i) loi L-roup on one terminus, uhile x-Jun-C.N has r.vo thiol Lniups ^n 
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Figure 3. HPLC analysis of peptide dimer and trimer. (a) Purified 
hctcrolnmcr pCC-NC and (b) reduced pCONC with 20 mM DTT for 
4 h at 25 ''C. (c) Purified heierodimer pCN and (d) reduced pCN as 
in b. The results of HPLC analysis show that the hetcrotnmer pCC*NC 
consists of I equiv of v-Jun-CN and 2 equiv of v-Jun C. while pCN 
consists of \ equiv of v-Jun-C and ) equiv of \ -Jun-N as expected. 

btnh icrniini. each of which is eiigihle u> make a disulfide bond with 
another thiol group. 

2 J. Gel Retardation and Footprinting Assays. Gel retardation 
and footprinting assays were carried out as described previously.'^ '* 
The binding solution of gel retardation contains bovine serum albumin 
at 50 mg/mL. lO'ft- (v/v) glycerol. 20 mS^ Tris-HCl (pH 7.5), 4 mM 
KCI. 2 mM MgCI:. and 3 nM of appropriate peptides in lO uL reaction 
volume. After adding 5000 cpm of each 5'-^'P-labeled probe DNA as 
indicated, the solutions were stored at 4 "^C for I h and loaded directly 
on an S'^t nondcnaturing polyacnM amide gel in TE buffer at 4 =C. The 
gel was equilibrated for 2 h at 20 mA before the samples were loaded, 
and electrophoreses were performed for 3 h at 100 V at 4 "C after the 
samples were loaded. 

The gel was dried and exposed to Kodak storage phosphor screen 
SO 230 {from Molecular Dynamics) in the dark room for 2 h. A 
Molecular Dynamics 400S p'hospholmager and IMAGEQUANT ver- 
sion 3.0 were used to integrate the volume of each rectangle drawn 
around the free and bound bands in the same dimension (sec Table I ). 

The footprinting assay solution (in 50 L) contains bovine serum 
albumin at 50 mg/mU 5"^ glycerol. 20 mM Tns-HCI (pH 7.5), 4 mM 
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Figure 4. Gel retardation assays for binding of pCC'NC, pCC. and 
pCN to o-CC-NC, o-CC. and o-CN. These studies were carried out as 
described in the text. A 3 nM solution of each peptide was used in a 
10 fiL reaction volume containing 5000 cpm of the appropriate 
oligonucleotide. 

KCI. 2 mM MgCh. I mM CaCl;. and 20 000 cpm of each 5 '---P- labeled 
probe DNA (60-62 bp) and 50 nM v-Jun-NN. This solution was stored 
at 4 X for 1 h. After adding 5 of DNasc ! diluted in 1 x footprinting 
assay buffer, the solutions were stored I min more at 4 "C. The DNase 
1 digestion was slopped by addition of 100//L of DNase I stop solution 
containing 15 mM EDTA (pH 8.0). 100 mM NaCl. 25 u^mL sonicated 
salmon spenn DNA. ;ind 25 u^mL yeast iRNA. This was phenoV 
chloroform extracted, ethanol precipitated, and washed with 70^f 
ethanol. The pallet was resuspcnded in 5 //L of formamide loading 
buffer, denatured at 90 for 4 min. and anal> zed on 10^ denaturing 
polyacr>lamide sequencing gel (50*^ urea). 

3. Results 

3.1. Specificity of pCONC for o-CONC. The gel retarda- 
tion assays (Figure 4) show that pCONC binds to o-CC-NC, 
which has the exact site designed lo simultaneously bind all 
three arms of pCC*NC. On the basis of gel shift titrations the 
binding constiint is about 5 nM (see Table 1 ). However, the 
gel retardation assays show ver\' weak binding (40-50 nM) of 
pCC-NC to o-CC or o-CN, each of which has a site for two 
arms of pCC*NC. Combined with the results for v-Jun ho- 
modimers, this indicates that pCC-NC makes contact with about 
16 bp's of DNA (about 1,5 turns of duplex DNA) along the 
major groove (see Figure 1 ). 

The DNase 1 footprinting assays (Figure 5i show that the 
new peptide pCC-NC protects the full proposed binding site, 
confirming the results from gel retardation assays. These results 
indicate that each of the three arms of pCC-NC binds to the 
proposed half-site, protecting each of the three half- sites from 
DNase I digestion (see Figure 1 ). 

3.2. Binding of pCC and pCN to the Dimer and Trimer 
Binding Site. The results of gel retardation show that pCC 
and pCN bind to their proposed binding site with dissociation 
constants of about 2 and 6 nM, respectively. This in good 
agreement w ith our previous experimenLs. pCC and pCN bind 
to the trimer binding site, o-CC*NC. about three times more 
weakly than lo the dimer binding sites, o-CC and o-CN, 
respectively. This indicates that the additional monomer binding 
site in o-CC-NC compared lo the diiner binding site interferes 
with the dimers in binding to their dimer binding sites. This 
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arc used to correct the background for the bound band, used as ibackgroundi below ^ Ratm = ( N^und)*/^^^' ). v^here fboundi* 
ckground) as described in a.^' Kc = 1/A', = [P:[D]/[PD] = [P]( free (/(bound), where [P].[D1. and [PD] indicate the concemraiions 
binding sue. and pcptide-T>NA complex, respectively. AG, = -RT In A'. = RT In Kc at r = 277.15 K (4 'C\ 
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Figure 5. DNasc I fcxiipriniing assays of pCC-NC wiih o-COSC wcrt 
pcrtunned as described in Ihc text. A 50 nM solution of pCC-NC was 
used with yo 000 cpm of o-CC-NC in a 50 uL reaction volume. The 
first column to the left und n^ht shows the sequence of the o-CONC 
acit\c site, and the outer column on each side showb, the p-CC*NC 
proicin bonded lo this site. Clearly this emire region is protected. In 
addition the two sites next to the acii\e site will genendly show' 
protection. However the observations show additional protection on 
:he 5' side of the top strand and the 5' side of the bottom strand 
Additional proiecDon is gi%cn ne\t lo the last column on each side 
which shtms the semi specific binding of the pCC-NC protein to the 
o-CC site. Ttiis leads to exactly the additional pn>iection of the sites 

labeled as +^ " (5' side of sile) but nut to pnMecuon of the sites 

labeled **♦• on the 3' side. 

implies that there might be some direct interaction between ihe 
dimer and the added monomer binding site or that the added 
monomer binding sue affects the bindmg of dimer to the 
ncichbvinng dimer bmding sue indirectly in an unknown way 
I tor example, by changing the conformation of DNA). 

3.3. Binding of Heterotrimer to Dimer Binding Site. The 
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iicleiuu liner binJ.s specifically lo the proposed iiinier binding 
sue. Howe\er, the gel retardation results show iha: there is 
also a weak bmding to the dimer binding sites Gel titration 
(Table 1 ) shows that the heterotrimer pCC*NC binds to the 
proposed trimer bmding site. o-CC-NC, about 10 times more 
strongly than to the dimer binding sites. o-CC and o-CN. This 
is equi\ alent to a free energy difference of abi>ut 1.3 kcal/niol. 
In another words, the third arm of the heterotnmcr stabilizes 
the tritncr by about 1.3 kcal/mol when bound to the tnmcr 
bindmg sues compared to the dimer binding sue. However, 
for binding to o-CC, the third arm destabilizes the binding 
relative to pCC by 1.9 kcal/mol and, for bindmg to o-CN. the 
third arm destabilizes the binding relative to pCN by 1.0 kcal/ 
mol. This results in destabilizing the binding of the other two 
monomers to the dimer binding site by about 30 times for o-CC 
and about six limes for o-CN. Therefore, compared to the 
dimers. the additional arm of pCC-NC trimer destabilizes the 
bindmg of the trimer to the imperfect binding site while it 
stabilizes the binding of u-imer to the trimer binding site. 

3.4. Semispecific Binding of pCC-NC. The footprinting 
studies also provide some evidence for semispecific binding in 
which the pCC-CN protein is reversed so that it recognizes only 
the o-CC binding site of o-CONC. The location of the p-CCCN 
protein on the full o-CC*NC binding sile is indicated by the 
outer columns of Figure 5 (where O indicates specific binding). 
The reversed p-CC*NC protein can also recognize the o-CC 
region as indicated in the next to the last column of Figure ? 
(here X indicates nonspecific binding), which is about 10 times 
weaker than ihe specific binding. 

In such semispecific binding the nonspecifically bound arm 
would create partial protection on the ba.ses beyond the 5' end 
of the protein sile for the top strand and on the bases beyond 
the 3' end of the protein binding site for the bottom su-and. At 
the same time the semispecific binding would lead to incomplete 
protection on the 3' end of the protein bindmg site on the top 
strand and of the 5' end on the bottom strand. Therefore, such 
semispecific binding would result in a quite asymmetric 
protection pattern around the binding site. 

The results of DNase I footprimmg (Figure 5) show this 
expected asymmetry. For the top strand of DNA. the partially 
protected region is expanded far beyond the protein binding 
site {up to the seventh base) in the 5' region, whereas for bottom 
strand of DNA, the last two base pairs in the 5' region of protein 
binding site are not completely protected. The reverse situation 
occurs for the 3' regions, where extra protection occurs for the 
bottom strand and less occurs for the top strand. 

4. Discussion 

Polypeptides can recognize more than one turn of DNA (that 
is, more than 10 bp's of DNA) in two ways: ( 1 j by wrapping 
around the DNA along the major groove and (2) by approaching 
the binding site from one face of the D.NA. Case 2 requires 
the polypeptide to also interact with the minor groove of DNA. 
while case 1 allows binding to only the major groove. Ca.se 1 
is much easier to design than case 2 because an a-hclix fits 
nicelv into the major groove of DNA but not into the minor 
groo\e. However, to wrap around the DNA. the polypeptide 
must be sufficiently flexible to follow the major groove of DNA 
along its helical pathway. If the structure of the polypeptide is 
loo rigid, it cannot wrap around the DNA to recognize an 
additional turn of the DNA. The basic region of the leucine 
zipper protein is an ideal candidate to satisfy all these criteria. 
It has no fixed structure in solution in the absence of us specific 
DN.^ binding site, but it changes into an a-heii\ vvhen bound 
to the specific DNA binding site. From our pre\ious expcn- 
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ments.'** each one of the v-Jun basic regions exactly recognizes 
its monomer binding site independently of the relative oricnia- 
uon of the additional basic regions (connected through a 
disulfide bond between the thiol groups of cysteines added on 
the terminus of the peptide monomer). 

The new results show that the new peptide trimer pCC-NC 
specifically binds to the proposed trimer binding site of o-CC-NC 
(see Figure 1) but also binds about 10 times more weakly to 
the dimer binding sites, o-CC or o-CN. This protein stitchery 
strategy can be used to design other new peptides for recognizing 
new or longer sites. Thus we would decompose the target site 
in terms of segments (three to five base pairs) each of which is 
recognized by a portion of a DNA binding protein. The DNA 
binding regions would then be stitched together to form the full 
protein for selectively recognizing the new site. 

In order to measure accurate free energy differences for a 
peptide to a different DNA binding site, direct competition 
assays between the DNA binding sites are required. However, 
we can estimate the free energy difference (see Table 1) from 
the free energies calculated using the intensity of the bound 
and free bands in Figure 4. Our current results show that the 
third peptide arm of pCC'NC compared to the dimer (pCC or 
pCN) (1) stabilizes the binding of pCC-NC when it finds a 
perfect trimer binding site, o-CC-NC, and (2) destabilizes the 
binding of pCC-NC to the incomplete binding site (o-CC or 
o-CN). as compared with the dimers binding to the dimer 
binding sites. This provides an explanation for the results of 
our previous experiments'^"^' where each peptide dimer (pCC, 
pCN\ and pNN) selectively recognized the proposed dimer 
binding sites (o-CC. o-CN, and o-NN, respectively) but not the 
binding sites selectively recognized by the other peptide dimers. 

These studies provide additional observations that should be 
useful in elucidating the details of protein-DNA recognition. 
Thus pCC shows a binding affinity for the o-CC-NC site of 
about one-third of the affinity for o-CC even though o-CC-NC 
contains a binding site for pCC (Table 1). Similarly pCN shows 
a binding affinity for the o-CC-NC site of about one-fourth of 
the affinity for o-CN even though o-CC*NC has a binding site 
for pCN. This implies that the half-site added next to the 
binding site of pCC (or pCN) to make the binding site of 
pCC-NC interferes with pCC (or pNN) in binding to the dimer 
binding site. Additional recent results'^ show that the basic 
region of v-Jun by itself recognizes the dimer binding site 
specifically without dimerization. This implies that the interac- 
tion between the monomer of basic region of v-Jun and the 
monomer binding site is strong enough to retain the complex. 
Therefore, it is reasonable to propose that a direct interaction 
between the dimer and the added monomer binding site in 
o-CONC compared to the o-CC (or o-CN) interferes with the 

(18) Park, C; Campbell, J. L; Goddard, W. A,, in. The monomer of 
the DNA binding region of the v-Jun leucine zipper proiein recognizes the 
dimer binding site without dimerization. To be submitted for publication. 

(19) Konig, P.; Richmond, T. J. / Mol. Biol. 1993. 233, 139-154. 
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dimcr m binding to the neighbonng dimcr binding site. 
However, it may also be that other indirect effecU interfere with 
the dimer binding site. 

For the top strand of o-CC-NC there is partial protection on 
the 3' end bases flanking the binding site. The reason for this 
partial protection is that p-CC-NC also exhibits semispecific 
binding to the o-CC portion of the site. Such semispecific 
binding is supported by the observation that the glucocorticoid 
receptor recognizes the incorrect spaced binding site senaispe- 
cifically, with one subunit binding specifically with the correct 
half-site and the other nonspecifically with a noncognate site.^*^ 
Similarly the basic region of GCN4 shows a relatively strong 
binding affinity for the randomized sequence of DNA,^' 
indicating it is possible for the basic region to have a nonspecific 
interaction with the nonspecific sequence of DNA. Our results 
do not indicate if the affinity of nonspecific binding depends 
on the DNA sequence. 

Comparing the binding of pCC-NC to o-CC-NC and pCC to 
oCC, there is no gain in binding energy from dimer to trimer 
even though the trimer binds to the trimer binding site 10 times 
stronger than to the dimer binding site. These results suggest 
that the added linker on the terminus of the peptide monomer 
to replace the leucine zipper region is not flexible enough (or 
long enough) to wrap around 1.5 turns of DNA, resulting in 
strain on the trimer. This does not happen in the case of dimers 
because they need only to wrap around about one turn of DNA. 
Therefore a more flexible (or longer) linker than the present 
one (Gly-Gly-Cys) may improve the binding affinity of the 
trimer to the trimer binding site. 

We are now in the process of using molecular modeling, 
molecular dynamics, and thermodynamic perturbation theory 
to determine the details concerning the protein DNA recognition 
and to explain the origins of the above results. 
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Abstract: It is generally believed that leucine zipper regulatory proteins for DNA transcription recognize their DN A 
binding sites as dimers preformed in solution (and that the monomers do not bmd specifically to these sites). To test 
this idea, we synthesized the 31 -residue peptide v-Jun-br, which contains only the DNA binding region of the v-Jun 
monomer. Footpnnting assays show that v-Jun-br monomers specifically protect the DNA binding site of v-Jun in 
almost identically the same way as dimers. Thus, (i ) the monomer recognizes the half-site of the dimer bmding site 
and (ii) dimerization does not appreciably affect the bound conformation of each monomer. These results may have 
implications m the regulation of transcription by such proteins. Thus, two monomers of v-Jun might bmd sequentially 
to the dimer binding site followed by dimerization of v-Jun while bound. This may allow binding at concentrations 
too low for dimerization in solution. 



1. Introduction 

The molecular mechanism by which cells adapt their phe- 
notype in response to external stimuli is of great interest in 
modem biology. A crucial role in modulating gene expression 
is likely played by the products of proto-oncogenes, a number 
of which reside in the nucleus. Properties commonly exhibited 
by such nuclear oncogenes include (a) rapid (often transient) 
induction in respone to numerous agents, (b) messenger RNA 
wnth a short half-life, and (c) a short half-life for the proteins 
encoded by the nuclear oncogene.^ Fos and Jun (both members 
of the leucine zipper protein family) have been observed as the 
products of immediate-early induced genes in response to 
external stimuli.^"** 

Leucine zipper proteins bind to DNA as a dimer, and it is 
believed that the dimerization of leucine zipper protein is a 
prerequisite to specifically recognizing the binding sites.^-^ 
However, the short lifetime of such nuclear oncogenes raises 
questions as to whether the concentrations are suitable for 
dimerization in solution. 

We report herein evidence that the leucine zipper basic region 
of v-Jun can bind as monomers to the dimer binding site We 
suggest that this may be the dominant process at low concentra- 
tions. Section 2 summarizes previous experiments and conclu- 
sions concerning the binding mechanism. Section 3 discusses 
details for the expenments reported herein, while section 4 
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reports the results. Section 5 covers kinetics issues relating to 
the mechanisms of binding, and section 6 contains further 
discussion. 

2. DNA Binding Mechanism of Leucine Zipper Proteins 

Leucine zipper proteins have about 60 residues with the 
C-terminus containing a leucine zipper region (4 or 5 leucines 
occurring every 7 residues) responsible for dimenzation and 
the N-terminus containing a basic region (about 30 residues) 
responsible for DNA binding.'-^ The leucine zipper proteins 
dimerize by using the leucine zipper region to form a coiled- 
coil structure for the dimer. Most mutant leucine zipper 
proteins unable to carry out dimer formation fail to recognize 
the binding site.^^"'^ Many leucine zipper proteins which have 
mutations on the basic region also fail to bind to the specific 
DNA site even though the mutants can form heterodimers with 
other wild-type leucine zipper monomers. --^ Therefore, it is 
believed that the dimerization of leucine zipper protein is a 
prerequisite to specific recognition of the binding sites. This 
idea is supported by the observation that the oxidized dimer of 
the GCN4 basic region specifically recognizes the GCN4 dimer 
binding site, but the monomer does not.^^-^^ 

While carrying out a project aimed at designing new long 
DNA binding proteins/-"'^ we observed that the monomer of 

(7) Vinson, C. R.; Sigler, P. B.; McKjiight, S. L. Science 1989, 246, 
911-916. 

(8) Ellenberg, T. E.; Brandl, C. J.; Stnihl, K.; Harrison, S. C. Cell 1992, 
1223-1237. 

(9) Rasmussen, R.; Benregnu, D.; O'shea, E. K..; ICim, P. S., .Mber, T. 
Proc. Natl. Acad. Sci. USA. 1991, 88, 561-564. 

(10) Neuberg, M.; Adamkiewicz, J.; Hunter, J. P.; Muller, R. Nature 
('London) 1989, 341, 243-245. 

(1 1) Turner, R.; Tjian, R. Science 1989, 243, 1688-1694. 
(12) Heeckeren, W, J.; Sellers, J. W.; Struhl, Nucleic Acids Res. 1992. 
20, 3721-3724. 

fl3)Talanian, R. V.; McKjiight, C. J.; Kim, P. S. Science 1990, 249, 
^69-771. 

('14)Talanian, R. V.; McKnight, C J., Rufkovski, R.; Kim, P. S, 
Biochemtsti^' 1992. 31, 6871-6875. 

(15) Park, C; Campbell, J. L.; Goddard, W. .A.., Ill Proc. Natl. Acad. 
Sci. U.S.A. 1992, 9094-9096. 

(16) Park. C. Campbell, J. L., Goddard, W. A , III Proc. Natl. Acad. 
Sa U.S.A. 1993. 90, 4892-4896. 

(17) Park, C Ph D Thesis, Chemistn. C^ltech, May 1993. 



50002-7863(95)00653-6 CCC: $12,00 



1996 .American Chemical Society 



Kxhibit E 



4236 J. Am. Chem Soc. Vol US. \o IS. 1996 



Park el al. 



Peptides 



V- Jun-br 
V-Jun-N 
V- Jun-C 



S QERIKAERKR KRNRIAASKS RKRKLERIAR 
S QERIKAERKR MRNRIAASKS RKRKLERIAR 
S QERIKAERKR MRNRIAASKS RKRKLERIAR GGC 



Oligonucleotides 

5 • - ctcagat:ccggatcctaggttaaacgATGAcgTCATcggtataggtcgagaattcggaLcct-3 ' 
• ' .^^^^^ - -gatccaatttgcTACTgcAGTAgccatatccagctcttaagcctagga-5 ' 



o-NN: 



3 ' -gagtctaggcctaggs 

5 ' -ctcagatccggatcctaggttaaacgTCATcgATGAcggtataggtcgagaattcggatcct-S ' 
3 ' -gagtctaggcctaggatccaatttgcAGTAgcTACGgccatatccagctcttaagcctagga-5 ' 

Figure 1 Sequences of the protein (a) and oligonucleotides (b) used in the gel retardation and footpnniing studies. The total length of each 
oligonucleotide is 62. Peptide v-Jun-br contains the basic region of v-Jun (amino acids 214-244).'^ Peptides v-Jun-br and v-Jun-C were prepared 
as described previously. Peptide v-Jun-br was chemically svTithesized and purified, and the punty was checked by mass spectroscopy at the 
Biopol>Tner Synthesis Center at the Cahfomia Institute of Technology:"- " calculated, 3822.3; experimental, 3824.6. 



the basic region of v-Jun binds selectively to the dimer binding 
site. These results, reported herein, suggest that under appropri- 
ate conditions ( low concentrations) the dimenzation of v-Jun 
proteins might occur by (i) first binding one monomer to the 
DNA binding site and then (ii) binding of the second monomer, 
followed by (iii) coupling of the leucine zippers of the bound 
monomers to form the bound dimer. If so, this mechanism 
-might be particularly relevant for binding of short-lived DNA 
binding proteins. 

Leucine zipper proteins dimerize via the leucine zipper 
-regions, leading to a Y-shaped dimer where each arm is basic 
and recognizes half of the dimer DNA binding site. The basic 
region has no fixed conformation in solution, but changes into 
an a-helix when bound to the specific site.^^"^^ This model 
has been confirmed by a recent X-ray cr>'stal structure for the 
complex of DNA with GCN4 (another leucine zipper protein) 
homodimer^ and for the complex of DNA with Jua'Fos 
heterodimer.^3 y^ie X-ray studies show that the DNA binding 
site and the a-helix of the basic region of these leucine zipper 
proteins are both linear. However, depending on the nature of 
the binding site, other systems may bend.^'* In the gel 
electrophoresis using Jun heterodimer, a bent a-helix was 
proposed for the basic region of Jun to explain the DNA bending 
induced by the binding of Jun.-^^ 

Expenments using only the basic region of GCN4'^ or 
v-Jun' ^"'^ (without the leucine zipper region), but dimerized at 
the carboxy termini (denoted as pCC) by an added linker, 
showed that the basic region alone will recognize the dimer 
binding site (denoted o-CC). In addition, dimerization at the 
amino termini to form a rearranged protein (denoted pNN) leads 
to recognition of the rearranged oNN binding site.'-"'^ These 
studies suggested that the a-helices are bent when bound to 
DNA.^^-'^ 

It is widely believed that protein dimerization is essential for 
leucine zipper proteins to effect specific DNA recognition. 
Evidence in favor of this view are the following obser\'ations: 
(i) Most mutations that prevent dimerization also prevent DNA 
binding.'^"'- (n) A normal Jun and a mutant Fos on its basic 
region cannot recognize specific DNA sites even though they 

(18) Park. C; Campbell, J. L.; Goddard, W, .A,. Ill, / Am. Chem. Soc. 
1995. 7/7, 6287-6291. 

f 19) Weiss. M A. Biochemistry 1990. 29, 8020-8024. 
(20) Patel, L.; Abate, C; Curran, T. Sature (London) 1990, i4^, 5^2- 
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(21) 0-Neil, K. T.; Hoess. R. H ; DeGrado. W. F, Science 1990. 



(22) \\ eiss. M. A., Elienberg, T., Wobbe. C R.; Lee, J P.; Hamson, S 
C. Struhl. K, Sature (London) 1990, 575-5"8. 

(2^M Glover. J N. M.; Harrison, S. C Sature 1995, ^7}, 257-261 
(24) Komg. P.. Richmond. T. J / Mol. Biol. 1993, 2n, 139-154. 
(2MKerpolla, T. K.; Curran. T. Science 1991. 254, 1210-1214. 



can make a heterodimer together.^-^ (iii) GCN4 makes a stable 
dimer in the absence of the specific DNA binding site.'^ (iv) 
The oxidized dimer of the GCN4 basis region specifically 
recognizes the dimer binding site, but the reduced monomer 
does not.^^ 

On the other hand, consider the following: (v) NMR 
experiments show that, in the absence of the specific DNA 
binding site, the lifetime of the GCN4 homodimer is between 
10 ms and 1 s.'^ This shows that, in the absence of specific 
DNA, the GCN4 dimer is not stable m solution, (vi) Competi- 
tion experiments show that peptides containing only the basic 
region of Jun, Fos, and CREB retain their promoter selectiv- 
ity. 6,27 (yjj) htxA binds to DNA as a dimer, but the monomer 
of LexA also recognizes the half-site of the full dimer binding 
site.^^ (viii) Skn-1 which contains a basic region similar to those 
of leucine zipper proteins, but lacks a leucine zipper dimerization 
region, binds to specific DNA sequences as a monomer. 

3. Materials and Experiments 

3.1. Peptides and Oligonucleotide Synthesis, In order to obtain 
a direct test of whether predonerization is essential for the binding of 
leucine zipper protein, we synthesized a peptide, v-Jun-br (Figure la), 
containing only the basic region of v-Jim monomer and carried out 
footprinting assays for oligonucleotides containing the dimer binding 
site. 

Peptide monomers v-Jun-br, v-Jun-N, and v-Jun-C were chemically 
syTithesized and purified as descnbed previously' ^ (see the caption 
for Figure 1). The automated stepwise svTitheses were done on an 
Applied Biosystems Model 43 OA peptide synthesizer with an optimized 
s>'nthetic protocol for the N-rer/-butoxy carbon yl (r-Boc) chemlstr>^ The 
peptides were punfied by reversed -phase high-performance liquid 
chromatography (HPLC) on a Vydac CI 8 column. A linear gradient 
of 0-50% aqueous/acetonitrile/0.1% trifloroacetic actd was run over 
120 mm. 

The procedure to s>'Tithesize homodLmer pCC (and pNN) is done in 
oxidizmg conditions (5 mM oxidized dithiothreUol). v-Jun-C (or v-Jun- 
N) dimerizes to form pCC (or pKN) which was punfied by HPLC. 

TTie oligonucleotides o-CC and o-NN (Figure 1 b) were SNnlhesized 
using the facilities at the Biopol>Tner S>'nthesis Center at Caltech and 
punfied as described.'^ ' ' o-CC has the binding site (ATGAcgTCAT) 
of the v-Jun dimer while o-NN has a rearranged half-site (TCATcg- 
ATGA; see Figure lb). The s>Tithesized oligonucleotides were punfied 
using 10% denaturing polyacr>lamide gel, and duplexes were made 
between complementar>* oligonucleotides. 

3.2. Footprinting Assays. The footprmtmg assay soluUon (m 50 
i^L) contained bovine serum albumin at 100 mg mL. 5% glycerol, 20 

(26) Hope. 1. A., Struhl K. EMBO J. mi. 6. 2781-2784 

(2^) Busch. S. J., Sasson-Corsi, P. Oncogene 1990. 5. 1549-1556. 

(28) Kim, B.; Little, J. W. Science 1992, 255. 203-205. 

(29) Blackwell. T K.; Bowerman, B,. Pness. J R.. Wemtraub. H. Science 
1994, 266. 621-628, 
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Figure 2. DNase I footprinting assays of v-Jun-br with oligonucleotides oCC and oNN. In order to compare the results of protection between 
monomer and dimer, DNase I footpnntmg assays of pCC and pNN were also carried out together with oCC and oNN, respectively. The brackets 
show the expected dimer bindmg sites (see Figure lb). Peptide concentrations were determined as described previously.'- A 50 000 cpm sample 
of each S'-^^P-labeled probe DNA, bovine serum albumin (BSA) at 0, 1%, poly{dI-dC) at 2 ^g/mL, and 600 nM of pCC (or pNN) or 3 v-Jun-br 
(where indicated) were used m 50 /^L of footpnntmg reaction solution as descnbed previously.'' '^ 



mM Tns-HCl (pH 7.5), 4 mM KCl, 2 mM MgCb, 1 mM CaCb, poly- 
(dl-dC) at 2 ^g'mL, 50 000 cpm of each 5'-^'P-labeled probe DNA 
(about 20 fmol), and 0.6 pCC (or pNN) or 3.0 fiU v-Jun-br where 
indicated. This solution was stored at 4 °C for 1 h. After addmg 5 
piL of DNase I diluted in 1 x footpnnting assay buffer, the solutions 
were stored for 1 min more at 4 °C. The DNase I digestion was stopped 
by addition of 1 00 of DNase I stop solution containing 1 5 mM 
EDTA (pH 8.0), 100 mM NaCl, 25 /^g/mL sonicated salmon sperm 
DNA, and 25 ,«g/mL yeast tRNA. This was phenoL^chloroform 
extracted, ethanol precipitated, and washed with 70% ethanol. The 
pallet was resuspended in 5 /^L of formamide loading buffer, denatured 
at 90 °C for 4 mm, and analyzed on 1 0% denaturing polyacr}'! amide 
sequencing gel (50% urea), 

4. Results 

The footpnnting assays (Figure 2) show that the monomer 
v-Jun-br protects identically the same site as the dimer pCC 
(and pNN). (a) Columns 3 and 7 show that, for o-CC (top and 
boHom), the dimer pCC leads to recognition of the pCC binding 
sue (marked w ith brackets), (b) Columns 4 and 8 show that 
monomer v-Jun-br also protects the complete pCC dimer binding 
site, (c) Columns 11 and 15 show that, for o-NN (top and 
bottom), the dimer p\N leads to recognition of the pNN binding 
site, (d) Columns 12 and 16 show that the monomer v-Jun-br 
also protects the complete pNN dimer binding site. 

Because \ -Jun-br contains only the basic region, there is no 
possibility of dimenzation. Since the C-tenmini become posi- 



tioned near each other when two monomers bind to the pCC 
binding site while the N-termini of both monomers are 
positioned near each other when two monomers bind to the pNN 
binding site, the similanty in the results between monomers and 
dimers shows that there are no specific interactions between 
the two monomers when bound to the site. 

These results also indicate that the added linkers (Gly-Gly- 
Cys or Cys-Gly-Gly) when oxidized to form the dimer do not 
appreciably change the bound conformations of the monomers 
on the binding site of pCC (and pNN). Thus, each monomer 
retains the same contacts with DNA on both sites. '^-^^ 

These results also suggest that oxidization and covalent 
bonding of the thiol groups of the linkers to make the pCC and 
pNN dimers do not cause sufficient tension to change the 
contacts between the monomer and DNA. 

5. Comparison between Dimer Formation in Solution 
and Dimer Formation on DNA 

Figure 3 shows the relev ant steps for tw o processes of forming 
bound DNA dimer: (a) Figure 3a considers that the dimer forms 
in solution, leading to an equilibrium constant of 



Ad = Wi^-,.mm-[D]([M:][M:]) 



(1) 



and the dimer binds to DN.A. leading to an equilibrium constant 
of 
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Figure 3. Two pathways for DNA binding of protein dimers: (a) 
dimer-oniy binding to the DNA binding site and (b) sequencial binding 
of two monomers to the DNA binding site. The darker (black and 
checked) circles represent dimenzation regions and the brighter (white 
and stnped) circles represent DNA binding regions (modeled after 
Figure 1 of Kim et al.-^). k{ mdicates the forw ard rate constant, and k, 
indicates the reverse rate constant. 



^DS ^fDS^^'rDS ' 



[DS]/([D][S]) 



(2) 



(b) Figure 3b considers that the monomer binds to the dimer 
bindmg site, leading to an equilibrium constant of 



MS ■ 



[M,S]/([M,][S]) 



(3) 



which IS followed by binding of the second monomer. This 
second step may occur by two pathways (bl) dimenzation of 
the leucine zipper of the free monomer to bound monomer, 
followed by binding of the second basic region to DNA, and 
(b2) binding of the second monomer to the dimer binding site, 
followed by dimenzation of the leucine zipper regions. 

In order to compare the two pathways a and b, consider the 
following kinetic scheme where M denotes the monomer, D 
denotes the dimer, and S denotes the DNA dimer binding site 
(the brackets indicate concentration). For pathway a we have 

d[D]/dr = Vm[M,][M:] (4) 

d[D-Sydr=^fPs[S][D] (5) 

= ^D^'fDs[S][M;][M,] (6) 
where eq 1 was used. For pathway bl, we consider 

d[M-S]'dr = *fMs[S][M!] 0) 
d[D-SVd/ = /:fM-Ms[MiS][M:] (8) 

[S][M,][M:] (9) 

In each case the forward rate constant is much greater that 
the backward rate constant. For example. 



(10) 



Thus, for conditions in which the concentration of a product 
IS not too high compared to the concentration of the reactants. 
the backward reactions can be ignored in denving equilibnum 
equations. 

Equations 4~9 lead to the following relative rate constants: 



(d[D]'dO 



(d[D-S],/dO K^k^sl^] 

(d[D-S],/dO _ A^P^-^s[M:] 
(d[M-S]/dO k^,s 



^D^'fDS 



(d[D-sydo 

(d[D-S],/dO' ^MS^^fM-MS 



(d[M-S]/d/) ^fMs 

(d[D-S],/d/) WfM-Ms[M2 



(11a) 
(lib) 

(Ua) 

(12b) 
(13a) 
(13b) 
(14a) 
(14b) 



based on the results of NMR expenments for GCN4.- 



w^here eqs 1 lb, 12b, 13b, and 14b assume that the forward rate 
constants are similar (binding a monomer or a dimer to the DNA 
binding site). 

If it is assumed that the dimenzation rate constant of the 
monomers {kfMu) is fast enough to provide dimers whenever 
they are needed, the binding of a dimer to the DNA bindmg 
site will be the rate-determining step in pathway a. From eq 
1 4b, the rate-determining step for path b depends on the product 
of the concentration of monomer M2 and the equilibrium 
constant of monomer binding to the DNA binding site. Thus 
eqs 7 and 9 becomes equal when [M2] = 1/A^ms- From eq 13b, 
the relative rate constant for forming a complex between the 
dimer and the dimer binding site for path a to that for path b is 
equal to Kr^'K^s- 

These equations allow an estimate to be made for the time 
to form the DNA bound dimer. At low concentration of 
monomers Mi and M: (<10"^ M), the DNA binding reaction 
for path a depends on the dimer binding reaction, while for path 
b the monomer binding to the monomer bound DNA binding 
site is the rate-determining step (assuming A^ms ~ 10^ M"' from 
ref 28). 

At high concentration of monomers (> 10"^ M) path a (which 
involves formation of a dimer complex followed by binding of 
the complex to the dimer binding site) becomes faster than path 
b (from eq 12) because of the high population of protein dimers 
in solution. However, for a low concentration of monomers, 
the monomer binding mechanism (path b) leads to a net rate 
increase of 10-100 times [depending on the ratio of Ad and 
Ays (see Figure 3b)] for forming a complex of two monomers 
at the DNA binding she compared to the dimer-only bindmg 
mechanism (path a). (In the case of LexA. a rate increase of 
about 75 times is proposed under their expenmental condi- 
tions. '^) Because the rate constant of binding the dimer complex 
to the dimer binding site depends on the concentration of both 
monomers (as in eqs 2 and 4), reaction through path b leads to 
a larger rate for complex formation when the concentration of 
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either monomer is ver\' low fas in the case of Jun and Fos uhere 
heterodimers are made between them). 

6. Discussion 

It has been belie\ed that leucine zipper proteins recognize 
their DNA binding sites as dimers which are preformed m 
solution and that monomers do not bind selectively to the DNA 
binding sites, '^ '^ How ever, our current results (Figure 2 ) show 
that the monomer of the v-Jun basic region (v-Jun-br) specif- 
ically binds to both halves of both dimer binding sites o-CC 
and o-NN. Because \'-Jun-br has no functional motif to become 
a dimer and because it recognizes both the o-CC and o-NN 
binding sites, we conclude that v-Jun-br recognizes the half- 
site of the dimer binding site as a monomer even though it has 
much weaker binding affinity to specific DNA sites compared 
to a dimer. These results are consistent with competition 
experiments which show that peptides mcludmg only the basic 
region of Jun, Fos, and CREB compete with the intnnsic Jun/ 
Fos and CREB in DNA binding.'"^ 

These results contrast with the situation for GCN4 where only 
the dimer binds. This difference could be because v-Jun binds 
to DNA in a conformation different from that of GCN4. 

Indeed residues on the carboxy terminus of the basic region 
&f various leucine zipper proteins differ greatly from each other 
while the residues of the rest of the basic region are highly 
conserved^'^^ Thus, mutations on the terminal residues of Fos 
substantially reduced the DNA binding affinity.^' In contrast, 
the terminal residues of GCN4 do not show any direct 
involvement in DNA binding. ^--^ Therefore, the terminal 
residues may be responsible for the difference in behavior 
among leucine zipper proteins (as proposed by refs 18 and 32). 

Experiment shows that the basic region of Jun competes with 
the Jun 'Fos heterodimer in DNA binding.^ This suggests that 
the Jun basic region recognizes the specific DNA site. Experi- 
mental results on the heterodimer formed between a wild-ty^pe 
Jun and a mutant Fos might seem inconsistent. This mutant 
Fos lacks the ability to bind to specific DNA sites but is still 
able to form a heterodimer with a Jun monomer that cannot 
recognize the specific DNA site.--^ This apparent discnpancy 
can be rationalized because the much weaker DNA binding 
affinity of a monomer as compared to a dimer might prevent 

(30) Struhl, K. Cell 1987, 50, 841-846. 

(3 1 ) Neuberg, M.; Schuermann, M.; MuIIer, R. Oncogene 1991, 6, 1325- 

1333. 

(32) Alber, T. Curr. Biol. 1993, 3, 182-184. 



detection of the monomer dunng gel l etdidaUon asses s at the 
concentrations used. 

Our results'^ are consistent with a recent study-^ on the DNA 
binding protein LexA, which as a dimer recognizes a site ha\'ine 
dyad ssmmetiy. Kim et al.'^ showed that the standard dimer 
binding mechanism does not explain the fast binding rates of 
DNA binding proteins when equilibnum constants of dimer- 
ization of monomers are too low to provide appropnate 
concentrations of dimers in solution. Kim et al. proposed the 
mechanism in Figure 3b for the binding of LexA proteins to 
their DNA binding sites. In this proposed DNA binding 
mechanism, a monomer first binds to the binding site and 
dimenzation \^'ith a second LexA occurs on the DNA binding 
site. The dissociation constant of LexA is similar to that of 
leucine zipper protein for both complex formation*^--'^ between 
protein and DNA and protein dimenzation. Our results'^ 
are also consistent with experimental results-^ which show that 
the Skn-1 basic region binds to DNA as a monomer. The basic 
region of Skn-1 shows greater homology with Jun than ours to 
GCN4. 

7. Summary 

For both pCC and pNN binding sites, the monomer and dimer 
of v-Jun-br both lead to complete protection of the binding site 
with the same length of protected region. This suggests that 
v-Jun might dimenze on the binding site, removing the 
prerequisite of dimenzation before binding. Th\s could have 
profound implications in the regulatory mechanisms involving 
leucine zipper proteins. For example, it could allow binding at 
concentrations too low for dimenzation in solution. 
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